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Curiosity is always the best teacher. The simple desire to explore the 
unknown is the ultimate force that has been and still is driving the progress of 
human civilization. “What is the smallest unit of matter?” This question has 
puzzled mankind for thousands of years. In the fifth century B.C., the Greek 
philosopher Leucippus claimed that when matter is divided into smaller 
pieces, at some point it will reach the smallest unit that still retains the 
properties of that substance. This indivisible unit is called “atom”. Even 
though the first idea of atomism emerged more than 2000 years ago, the 
scientific understanding of the concept “atom” and its structure was only 
realized around the middle of the 20th century. The great progress in quantum 
mechanics has made it possible to understand the phenomena occurring on 
the atomic scale. A very few people started to realize that “there’s plenty of 
room at the bottom” [1], which is nowadays seen as the starting point for the 
age of nanoscience. 
Since the length scales of atoms and molecules are on the nanoscale, 
nanoscience can also be viewed as the study dealing with the basic building 
blocks of matter. At the nanoscale, quantum effects start to dominate the 
properties of materials resulting in unique phenomena which offers the 
possibility to design materials with novel properties which is not feasible 
when working with bulk materials. The ultimate goal of nanoscience is the 
production of materials with advanced properties by controlling the 





main approaches have been developed: the top-down approach and the 
bottom-up approach. In the top-down approach, large pieces of materials are 
reduced to smaller dimensions to fabricate devices with specific properties, 
just like carving a statue out of a big block of marble. In the bottom-up 
approach, building blocks at the atomic or molecular scale are assembled into 
larger objects in order to generate devices with tailored functions, just like 
building a wall with pieces of bricks.  
Nowadays, the top-down approach is already widely used in industrial 
processes. An example of a top-down approach is lithography [2], which is 
the dominant technique used to produce integrated circuits in the 
semiconductor industry. To meet the demand of the rapid growing 
semiconductor market, more and more transistors need to be integrated. In 
1965, Gordon Moore made a prediction that the number of transistors on the 
integrated circuit with a defined area doubles approximately every two years 
[3]. More transistors would mean a smaller size for each transistor. To keep 
pace with Moore’s law, various techniques (e.g. phase-shifting mask 
photolithography, electron beam lithography) have been developed to enable 
the fabrication of smaller transistors [4-6]. The state-of-the-art transistor is 
with 14nm gate manufactured by the Intel company, but the size of transistors 
cannot be infinitely scaled down. To maintain the electrically insulating 
property of the gating layer made of a silicon oxide film, its thickness has to 
be greater than four atomic layers [7,8]. This fundamental physical limit will 
be reached in the near future with the current speed of development in the 
semiconductor industry. In addition, the effect of defects may start to emerge 
with the shrinking size of transistors, which may lead to statistical errors in 
the binary data processing. Therefore, a new approach has to be explored to 





A promising alternative strategy is the bottom-up approach, where individual 
building blocks (e.g. atoms, molecules) are placed or self-assembled that the 
devices with the desired functions can be generated. The bottom-up approach 
is therefore considered a promising method to minimize the scale of 
nanodevices while offering unlimited possibilities for designing and 
fabricating nanodeviecs. In the bottom-up approach, two main methods have 
been developed to implement nanosystems with atomic precision: the 
manipulation method and the self-assembly method. In the manipulation 
method, individual atoms or molecules are manipulated by scanning probe 
microscopy to build nanostructures. In the self-assembly method, molecules 
automatically arrange themselves into an ordered structure. 
The manipulation method came into being with the invention of scanning 
tunneling microscopy (STM) in the early 1980’s [9]. In 1983, Gerd Binnig 
and Heinrich Rohrer presented the atomically resolved real-space image of 
the 7×7 reconstructed surface of Si acquired with STM, which opened up the 
possibility to investigate surface phenomena at atomic scale [10]. Later, 
Eigler and Schweizer constructed a patterned array of xenon atoms 
representing the trademark of the IBM company on a Ni(110) surface by 
positioning xenon atoms with a STM tip. This showed that STM could serve 
not just as a tool for imaging surface phenomena but also as a powerful tool 
for constructing structures at atomic level [11]. In 1993, Eigler reported the 
famous “quantum corral” built with Fe atoms on a Cu(111) surface via the 
atom manipulation technique of STM, which showed the capability of locally 
modifying the electronic properties of a Cu(111) surface [12]. Since then, 
various nanostructures have been constructed via the manipulation method 
and interesting properties (e.g. the quantum confinement effect) of these 
nanostructures have been reported [13-17]. The direct manipulation of the 





nanostructures with ultimate precision, but it is almost impossible for the 
researchers to arrange the extremely large amount of elementary building 
blocks within a reasonable amount of time. Although model structures can be 
constructed in the atom-by-atom fashion and characterized as a proof of 
concept, the extremely time-consuming process of the manipulation method 
hinders its further applications.   
How to arrange trillions of elementary building blocks into a ordered 
structure in a short time? The self-assembly method offers a promising 
solution. Self-assembly is the autonomous process in which elementary 
building blocks assemble into an ordered structure via weak interactions [18]. 
Since no human intervention is needed during the assembling process, this 
method allows for the synthesis of ordered nanostructures in a relatively short 
time. In molecular self-assembly, molecules act as the elementary building 
blocks. The assembling process is dominated by noncovalent intermolecular 
bonding (e.g. hydrogen bonding, van der Waals force, halogen bonding, 
metal-ligand bonding). By tailoring the size, shape, symmetry and functional 
groups of the molecule, the assembling process can be controlled at the 
molecular level to enable the formation of molecular nanostructures with 
designed functionalities [19-23].  
 
1.2 Thesis outline 
In this thesis, we studied the two-dimensional molecular self-assemblies on 
metal and graphene surfaces by means of scanning tunneling microscopy 
(STM), scanning tunneling spectroscopy (STS), low energy electron 
diffraction (LEED) and angle-resolved photoemission spectroscopy (ARPES). 
Our central goal was the controllable tuning of the electronic properties of 
metal surfaces and graphene by molecular patterning. To achieve this goal, 





network structures with long-range order. We performed STM and LEED 
measurements to gain the structural information of the molecular self-
assemblies. STS and ARPES measurements were performed to investigate 
the influence of the molecular self-assemblies on the electronic properties of 
the underlying substrates. The thesis is organized as follows: 
Chapter 2 briefly reviews the up-to-date research work on the molecular 
self-assembly on surfaces. This chapter also discusses the non-covalent 
intermolecular interactions that govern the assembling processes on surfaces. 
A brief explanation on principle of quantum confinement effect is given. The 
idea of tuning the electronic properties of metal surfaces and graphene is also 
briefly introduced.  
Chapter 3 gives an overview of the experimental techniques used in this 
thesis. The working principle of STM is first described followed by a short 
introduction of STS. Then the theory of ARPES is presented, at last, the 
LEED technique is briefly explained. 
Chapter 4 reports a comparative study of the self-assemblies of 1,3,5-
benzenetribenzoic acid (BTB) on graphene/Cu(111) and BTB on bare Cu(111) 
surface. STM measurements showed that the BTB molecules deposited on 
Cu(111) formed a close-packed pattern after annealing, while the BTB 
molecules deposited on graphene/Cu(111) formed a porous network after 
annealing. The drastic difference in molecular arrangements indicates that 
graphene can effectively decouple the molecules from the underlying 
substrate. 
Chapter 5 presents a study of the quantum dot array arising from the 
confinement effect of the hexagonal porous network formed by BTB 
molecules on Au(111) surface. STS and ARPES measurements demonstrate 





the porous network, which demonstrates that the electronic properties of 
metal surfaces can be tailored by molecular patterning. 
Chapter 6 reports the formation of a hexagonal porous network by the 
subsequent deposition of para-hexaphenyl-dicarbonitrile (NC-Ph6-CN) 
molecules and Co atoms on Au(111) surface. Band folding and band gap 
opening of the surface state band of Au(111) are observed in the ARPES 
measurement, indicating that the electronic properties of the Au(111) are 
tuned by the molecular self-assembly on the macroscopic scale. 
Chapter 7 reports the formation of metal-coordinated molecular self-
assemblies on graphene/Ir(111) surface by the subsequent deposition of NC-
Ph6-CN molecules and Cu atoms. By varying the stoichiometry between the 
NC-Ph6-CN and the deposited Cu atoms, the molecules can form 
basketweave pattern, hexagonal porous network and molecular chain 
accordingly. The formation of the metal-coordination bonding is evidenced 
by the Cu atoms resolved in STM images. STS measurements demonstrate 
that the structural transformation modulates the electronic properties of NC-
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Chapter 2  
Molecules on metal surfaces and graphene: an 
overview 
 
In this chapter, the theoretical background information for the thesis at hand 
is provided. In particular, the main interactions that are governing the self-
assembling behavior of molecules on surfaces are outlined, since the delicate 
interplay between these interactions lead to the formation of the well-ordered 
two-dimensional molecular patterns. The principle of quantum confinement 
effect and the idea of tuning the electronic properties of metal surfaces and 




















2.1 Molecular self-assembly on surfaces 
Molecular self-assembly is generally defined as “the spontaneous association 
of molecules under equilibrium conditions into stable, structurally well-
defined aggregates joined by non-covalent bonds” [1]. Since self-assembly is 
a parallel process where no human intervention is needed, it is viewed as a 
promising bottom-up fabrication method with low cost and high efficiency. 
Therefore, it is essential to understand the fundamental principles of self-
assembling processes to achieve the goal of fabricating new generations of 
nanodevices with this method. 
 
2.1.1 Basic principles of two-dimensional self-assembling process 
The key feature of molecular self-assembly is its spontaneity. But why does 
this process happen spontaneously? Macroscopically, a quick answer to this 
question is that the self-assembling behavior of molecules is driven by the 
inherent desire of minimizing the Gibbs free energy. By the formation of 
intermolecular bonding, the molecules arrange themselves into an ordered 
structure from the initial random distribution state, which is accompanied 
with the decrease of the Gibbs free energy.  
From the microscopic point of view, the two-dimensional self-assembling 
process is a result of the subtle balance between molecule-molecule and 
molecule-substrate interactions. In general, several parameters have to be 
accomplished to enable successful self-assembling of molecules on surfaces.  
Figure 2.1 demonstrates the basic processes of molecular self-assembly on 
surfaces. First, when the molecules are deposited onto the surface, they will 
interact with the substrate. The molecule-substrate interaction should be 
strong enough to prevent the desorption of molecules from the surfaces. 
Otherwise, if the adsorption energy Ead is too low the molecules will not be 




able to stay on the surface, resulting in the failure of the self-assembling 
process. 
 
Figure 2.1. Molecular self-assembling process on a surface. (Adapted with 
permission from reference [2]. Copyright 2007, Annual Reviews ) 
 
Second, when the molecules are adsorbed on the surface, they need to be able 
to diffuse on the surface so that the molecules can meet each other and form 
bonds between them. The diffusion process of molecules on surfaces can be 




Γ    is the hopping rate of the molecule on the surface,	      is a prefactor 
with a value between 1010 and 1014 s-1 for large species [4-6], Ediff is the 
diffusion barrier for the molecules on the surface, kB is the Boltzmann 
constant and T is the temperature of the system. Obviously, the hopping rate 
of the molecule is determined by Ediff and kBT. When Ediff ≪  kBT, the 
hopping rate is high, which means that the molecules can move almost freely 
on the surface without being restricted to a certain area. In this case, the 
molecules can diffuse on the surface and meet other molecules to enable the 




bonding formation between them. When Ediff ≫ kBT, the hopping rate is very 
low due to the high diffusion barrier. In such cases, the molecules cannot 
move freely, and seem “frozen” on the surface. As a result, the self-
assembling process will be hindered, and most likely no ordered structure 
will be formed.  
Third, in the case of site-specific bonding between the molecules, the 
molecules need to rotate on the surface to form a certain orientation with 
respect to the underlying surface. In this way, the minimum-energy 
configuration can be reached. As with the diffusion movement, there is also 
an exponential relationship between temperature and the rate of the rotation 
movement of molecules on the surface [7]. In this sense, temperature plays a 
key role in self-assembly since both rotation and diffusion of molecules can 
be tuned by varying the temperature.  
Fourth, after the adsorption, diffusion and rotation of the molecules on the 
surfaces, the molecules will bond via non-covalent interactions. Due to the 
high reversibility of the non-covalent bondings, defect-free molecular 
structures can be achieved in molecular self-assembly. Eventually, a self-
assembled two dimensional molecular pattern can be successfully formed 
when a balance between all these parameters is reached.  
 
2.1.2 Molecule-molecule interactions 
In molecular self-assembly, molecules are linked to each other via non-
covalent intermolecular interactions. In this sense, intermolecular interactions 
act as the “glue” in the assembling process. Therefore, it is of great 
importance to understand the molecule-molecule interactions to achieve the 
controlled tuning of the assembling process. The following section gives a 
short overview on the main interactions in self-assembly processes e.g. Van 




der Waals forces, hydrogen bonding, metal-ligand bonding and halogen 
bonding.  
Van der Waals forces: the Van der Waals interaction involves a group of 
long-range inductive and dispersive forces between molecules. It originates 
from the polarization of the electron clouds between species that are in close 
proximity to each other [8, 9]. In general, the components of Van der Waals 
forces can be grouped into three parts: Keesom force, which is the 
electrostatic interactions between two permanent dipoles; Debye force, which 
is the force between a permanent dipole and a corresponding induced dipole; 
and London dispersion force, which is the force between two instantaneously 
induced dipoles. Although originating from the quantum fluctuations of the 
electron cloud, the Van der Waals force between two neutral molecules can 











}, where   is the so-called “depth” of the potential 
well,   is the distance where the potential between two neutral molecules is 






 is responsible for the repulsive force between the molecules, and 
it plays a dominant role when the distance between the molecules is small; 





 is responsible for the attractive force between molecules, 
and it plays a dominant role when the distance between the molecules is 
relatively large. The Van der Waals forces are usually non-directional and 
very weak, in general less than 5 kJ/mol. But, since they are attractive forces, 
their combined effect can still play a significant role in the process of 
molecular self-assembly [11-15]. For example, Ascolani et al. reported the 
self-assembly of 5-amino[6]helicene on Cu(100) built through Van-der-
Waals forces [15]. STM images (figure 2.2) showed that the 5-
amino[6]helicene molecules formed a porous network structure with a 




rhombic unit cell. Density functional theory (DFT) calculations indicated that 
intermolecular Van-der-Waals forces drove the self-assembling process. 
 
Figure 2.2. STM images of 5-amino[6]helicene on Cu(100). (a) STM image at low 
coverage, insets and circles show the diffusion of single molecules, duplets, triplets 
and quadruplets (-2 V, 50 pA). (b) STM image at 60% monolayer coverage, the 
circles and arrows indicate the formation of double rows (-2 V, 15 pA). (c, d) STM 
image of 90% monolayer coverage, the unit cell is marked in black (-2.2 V, 10 pA). 
(e) DFT calculation for a single molecule on Cu(100), top and side view. (f) 




Simulated STM image for the unit cell. (Adapted with permission from reference 
[15]. Copyright 2014, Royal Society of Chemistry) 
 
Hydrogen bonding: hydrogen bonding is a type of interaction that occurs 
between a proton-donor group A−H and a proton-acceptor group B, where A 
is a relatively electronegative atom, e.g. O, N, S, X (F, Cl, Br, I), and the 
acceptor group is a lone pair of relatively electronegative atoms or a π bond 
of a multiple bond (unsaturated) system [16,17]. Basically, a hydrogen bond 
can be considered as a proton shared by two electron lone pairs. In this sense, 
hydrogen bonding can also be viewed as a special kind of dipole-dipole 
interaction. The strength of hydrogen bonding can reach 50 kJ/mol.  
Because of its relatively strong and highly directional nature, hydrogen 
bonding is considered to be the most important interaction in molecular self-
assembly and supramolecular chemistry. Various two dimensional 
supramolecular nanostructures have been formed on surfaces via 
intermolecular hydrogen bonding [18-22]. For example, in 2006 Pawin et al. 
reported the formation of a large two-dimensional honeycomb network via 
intermolecular hydrogen bonding of anthraquinone molecules [23]. As shown 
in figure 2.3, the anthraquinone molecules form a hexagonal porous network 
structure with a pore diameter of 5 nm after deposited on Cu(111). It is 
surprising that an ordered structure with a pore size five times larger that of 
the constituent molecules can be formed spontaneously. According to 
Pawin’s study, the hydrogen bonding between a carbonyl oxygen and an 
aromatic hydrogen atom of the neighboring molecule drives the formation of 
the porous network. The bonding motif for this molecular self-assembled 
network is shown in figure 2.3b. 





Figure 2.3. (a) STM image of the honeycomb network of anthraquinone molecules 
on a Cu(111) surface. (1.3 V, 73 pA, 26 × 15 nm). (b) Schematic model showing the 
intermolecular bonding of anthraquinone molecules. Red dots, oxygen atoms; black 
dots, carbon atoms; gray dots, hydrogen atoms; background, copper surface. 
(Adapted with permission from reference [23]. Copyright 2006, American 
Association for the Advancement of Science) 
 
Metal-ligand bonding: In molecular self-assembly, metal-ligand bonding 
can be viewed as a coordination interaction between metal atom(s) and the 
corresponding molecules. For the formation of the metal-ligand bonding, the 




metal offers empty orbitals and the ligand offers a lone pair of electrons. 
When the molecular orbital containing the lone pair of electrons overlaps 
with the empty orbital of the metal, the metal-ligand bond is formed [24-26]. 
Metal-ligand interaction has been widely used to build metal-organic 
complexes, such materials have shown great potential in light harvesting, gas 
storage and sensor development [27-31]. For more than a decade, the 
principle of metal-ligand interaction has been applied to build 1D and 2D 
metal-organic structures on surfaces [32-35]. The metal-ligand bonding is 
considered to be an ideal tool to build long-range ordered nanostructures on 
surfaces with relatively high stability. An example of a molecular porous 
network built via metal–ligand bonding is given by Tait et. al [36]. As shown 
in figure 2.4, brick-wall-like structures were formed by 5,5’-bis(4-
pyridyl)(2,2’-bipyrimidine) [PBP] molecules on Ag(100), Ag(111) and 
Cu(100) surfaces. Though possessing different lattice constants and surface 
symmetries, nearly identical structures were formed on these three substrates 
via metal-ligand interactions between deposited Cu atoms and the N atoms of 
the PBP molecule. The differences in the three substrates are compensated by 
the distortion of the coordination configuration as evidenced by slight 
difference in the unit cell parameters. This work showed that when a metal-
ligand interaction with sufficient robustness and stability is formed, it can 
overcome the differences in substrate structures to form similar structures on 
surfaces. 





Figure 2.4. STM images of the porous network structure formed from PBP 
molecules and Cu atoms on a) Ag(100), b) Ag(111), and c) Cu(100). (d) Tentative 
model for the metal-ligand bonded network from Cu atoms and PBP molecules. The 
unit cell is marked by a green parallelogram in each panel. The size of the STM 
images are a) 15.0 nm × 16.0 nm, b) 10.8 nm × 10.1 nm, and c) 5.2 nm × 6.3 nm. 
(Adapted with permission from reference [36]. Copyright 2008, WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim) 
 
Halogen bonding: halogen bonding is the non-covalent attractive interaction 
between an electrophilic region of a halogen atom, which is part of a 
molecular entity, and a nucleophilic region of another molecular entity [37-
39]. When bonded to other elements, halogen atoms are perceived as 
negatively charged due to their relatively strong electronegativity. Then why 
would they form a halogen bond with a nucleophilic part of another molecule? 




The key point for the formation of a halogen bond is the anisotropic 
distribution of surface electrostatic potential around a halogen atom in the 
molecule. Usually, there is a small portion of the halogen atom with positive 
electrostatic potential ( -hole) centered on the carbon-halogen (C–X) axis. 
Around this  -hole, there is a belt of negative electrostatic potential. The 
presence of the   -hole gives rise to the attractive interaction with the 
nucleophilic region of another molecular entity, which is the main origin of 
the halogen bonding. The term “halogen bonding” is named in analogy with 
the well-known hydrogen bonding. Compared to hydrogen bonding, halogen 
bonding has a higher bonding strength and better directionality. The bonding 
strength of halogen bonds can also be tuned by exchanging the halogen atoms 
[40-42]. Therefore, halogen bonding is receiving more and more attention as 
a tool for building molecular nano-architectures [43-45]. For example, Pham 
et. al. reported the formation of the molecular self-assembly of 1,3,6,8-
tetrabromopyrene (figure 2.5) on an Au(111) surface driven by both 
intermolecular halogen bonding and hydrogen bonding[45]. 
 
Figure 2.5. (a) STM image (1.2 V, 60 pA, 5 nm × 5 nm) of 1,3,6,8-
tetrabromopyrene molecules on Au(111), the unit cell is marked in white. (b) 
Proposed structural model of the structure observed in the STM image. (Adapted 




with permission from reference [45]. Copyright 2014, The Royal Society of 
Chemistry) 
 
As a summary of this section, a comparison of different intermolecular 
interactions is given in table 2.1. The bonding strength is increasing from van 
der Waals force to halogen bonding. Higher bonding strength will give rise to 
more stable molecular structures, but it will also lead to less flexibility in the 
formation of the system. Therefore, a thorough design of the molecular 
building block is needed for the successful fabrication of the desired 
molecular nano-architectures. 
Interaction Type Interaction energy 
(kJ/mol) 
Directionality 
Van-der-Waals force 2-10 No 
Hydrogen bonding 5-70 Yes 
Metal-ligand bonding 50-200 Yes 
Halogen bonding 5-180 Yes 
 
Table 2.1. Overview of different types of intermolecular interactions. (Adapted with 
permission from reference [46]. Copyright 2009, Elsevier B.V.) 
 
2.2 Tuning the electronic structure of surfaces by adsorbing artificial 
nanostructures 
2.2.1 Introduction  
An important characteristic of a nanomaterial is that it exhibits a far larger 
surface area than bulk material. When the size of a material shrinks to the 
nanoscale, the surface area to volume ratio can be vastly increased. For 
example, the surface area to volume ratio is 6/  for a cube with a side length 
of 	 . As illustrated in figure 2.6, the surface area to volume ratio is 107 times 
larger when the side length of the cube shrinks from centimeter to nanometer 
scale. This substantially increased surface area to volume ratio indicates that 




the surface plays an important role in determining the properties of a 
nanomaterial. Therefore, it is fundamental to characterize and understand the 
properties of surfaces to modify them, so that materials with desired 
functionalities can be fabricated.  
 
Figure 2.6. Illustration showing the increase of surface area to volume ratio for 
nanomaterials, the surface area is 107 times larger when the side length of the cube 
shrinks from the centimeter to nanometer scale. (Adapted from reference [47]) 
 
In this thesis, we focused on the controlled tuning of electronic surface 
properties through confinement. For noble metal surfaces, surface state 
electrons are believed to play an important role in many physical and 
chemical processes, including surface catalysis, epitaxial growth and 
molecular ordering [48-50]. Recent research showed that upon tuning 
electronic structure, some exotic characteristics and materials may show up 
such as the anomalous quantum Hall effect, topological insulators and 
artificial graphene [51-53]. The surface state electrons of close-packed noble 
metal surfaces can be viewed as a quasi-two-dimensional nearly-free 
electrons gas. This makes the surface state electrons perfect for studying 
quantum confinement effects. Both from the perspective of fundamental 
research as well as potential industrial applications, it is thus interesting to 
study the confinement of surface state electrons. 




2.2.2 Basic principle of quantum confinement  
Quantum confinement occurs when electrons are confined to a length scale 
approaching their de Broglie wavelength. A simple example of quantum 
confinement is the one-dimensional particle in a box model. As shown in 
figure 2.7, a particle is confined in a one-dimensional infinite high potential 
well. The potential energy for such a particle inside the well (L>x>0) is 0 and 
the potential energy for such a particle outside the well (x≥L, x≤0) is infinite. 
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,                                                                      (2.1) 
where  is the reduced Planck’s constant, m is the mass of the particle, ( )x  
is the wave function of the particle, ( )V x  is the potential energy of the 
particle and E is the energy of the particle. Inside the potential well, the 
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Since this is a second order differential equation, the most general solution of 
the equation can be written as: 








.                                                                                                 (2.4) 
A and B are both arbitrary constants of integration. The values of A and B are 
determined by the boundary condition (both ( )x  and ( ) /d x dx are 
continuous at the boundary) of this problem. Continuity of the wave function 
( )x  requires that  
(0) sin(0) cos(0) 0A B                                                                                 (2.5) 
( ) sin( ) cos( ) 0L A kL B kL                                                                           (2.6) 
From the equation above, we have B=0 and kL n . 




Therefore, we have ( ) sin( / )x A n x L                                                           (2.7) 
Since the particle is confined in the potential well, the possibility to find this 
particle in the well is 1, it means that the integral over the x values inside the 




( ) sin ( / ) 1
L L
x dx A n x L dx                                                                (2.8) 
Then the value of A is determined to be 1/2(2 / )A L                                     (2.9) 
Therefore, the wave function of the electrons inside the potential well is 
1/2( ) (2 / ) sin( / )x L n x L                                                                        (2.10) 
The energy levels of the electrons inside the potential well are 







                                                   (2.11) 
This result indicates that the electronic structures of materials can be 
modified by quantum confinement. 
 
Figure 2.7. Schematic of a one-dimensional potential well. 
 
2.2.3 Tuning the electronic structure of surfaces by molecular patterning  
The particle in a box model indicates the possibility of tuning the electronic 
properties of surfaces by making use of confinement effects. With this idea in 




mind, Crommie and his colleagues built the quantum corral with Fe adatoms 
on a Cu(111) surface by manipulating the adatoms with a scanning tunneling 
microscope [54]. The corresponding dI/dV map demonstrated an standing 
wave pattern, which indicated the confinement of surface state electrons of 
the Cu(111) surface. As a characterization method, STM can offer atomic 
precision in real space imaging and sub meV resolution in energy mapping, 
in the meantime, STM can also serve as a powerful tool to build 
nanostructures on surfaces. Many nanostructures such as quantum stadium 
were built with this method and many interesting properties of these systems 
were unveiled [55-58].  
 With the manipulation method of STM, artificial nanostructures can be built 
in an atom-by-atom fashion and work as a testing ground for fundamental 
physics. However, nanostructures built with this method can only locally 
modify the electronic properties of surfaces. It is technically impossible to 
modify the electronic properties of the whole surface with this method since 
the atom manipulation technique to build the nanostructures is a relatively 
time-consuming process. On the other hand, nanoporous networks with long-
rang order can be formed via molecular self-assembly, which offers the 
possibility to tune the electronic properties of the whole surface. The concept 
of molecular self-assembly originates from supramolecular chemistry where 
the individual molecular building blocks are “glued” together via non-
covalent interactions such as hydrogen bonding, dipolar coupling or metal-
ligand interactions. Compared to covalent bonding, the bonding strength of 
non-covalent bonding is relatively low, which allows for more flexibility and 
reversibility in the bond formation of the self-assembling process. In this way, 
large-area, well-ordered and defect-free nanostructures can be formed due to 
the intrinsic error-correction feature of the self-assembling process. 
Molecular building blocks with specific functional groups can be synthesized 




by utilizing the chemistry “tool box”, which enables the formation of 
molecular nanostructures with different sizes, different symmetries and 
different bonding motifs. The foremost advantage of molecular self-assembly 
lies in its parallel-process nature. The individual molecular building blocks 
can automatically arrange themselves into an ordered structure via 
intermolecular interactions without any human intervention. Therefore, a 
highly ordered porous network extended over the whole surface can be 
formed by molecular self-assembly in a short time. 
 Due to its unique advantages in forming nanostructures with long-range 
order, molecular self-assembly has been widely studied in tuning the 
electronic properties of surfaces [59-61]. For example, Lobo-Checa et. al. 
showed that a quantum dot array can be formed on Cu(111) after the 
deposition of perylene derivative 4,9-diaminoperylene-quinone-3,10-diimine 
(DPDI). The surface state electrons of Cu(111) were confined by the porous 
network, and a new disperse band was formed due to the interactions between 
the quantum dots.  
 




Figure 2.8. Confinement of the surface state electrons of Cu(111) by a molecular 
porous network. (a) STM image showing the topography of the porous network 
(Vbias= -0.22V, 13.6 nm × 13.6 nm). (b) Structural model of the porous network. (c) 
dI/dV map simultaneously recorded with the STM image. (d) STS spectra taken in 
the center of the pore (black curve) and on the clean Cu surface (red curve). (e) 
ARPES measurements for the porous network with different coverages. (Adapted 
with permission from reference [59]. Copyright 2016, IOP Publishing) 
 
As shown in figure 2.8a, a hexagonal porous network is formed on the 
Cu(111) surface after the deposition of 0.7 ML of DPDI molecules at room 
temperature and subsequent annealing at 473 K. Figure 2.8b shows the 
bonding motif of the porous network: the metal-ligand interactions between 
the dehydrogenated DPDI molecule and the native Cu adatoms drive the 
formation of the highly stable porous network structure on the whole surface. 
STS spectra taken in the center of a pore clearly revealed a shift of the 
surface state of Cu(111) from -0.4 eV to -0.22 eV due to the confinement 
effect induced by the porous network (figure 2.8d). The dI/dV map (figure 
2.8c) was acquired at the same area as the topographic image shown in figure 
2.8a at -0.22 eV. The bright features indicated that the confined state around -
0.22 eV was localized in the pores of the network. These confined states in 
the pores of the network can also be interpreted as a “quantum dot array”. 
The ARPES measurements (figure 2.8e) taken at different coverages of the 
porous network showed that a new weakly dispersing band at the binding 
energy of 0.2eV was becoming more pronounced with increasing coverage, 
while the feature of the surface state of Cu(111) was getting weaker with 
increasing coverage. The weakly dispersing band observed in ARPES 
measurements can be interpreted by the coupling of neighboring quantum 
dots originating from the lossy scattering of the electrons at the boundaries of 
the pore. 




By modifying the size and functional groups of the precursor molecule, 
porous networks of different sizes and symmetries can be formed thus 
enabling controllable tuning of the confinement of the surface state. Wang 
and coworkers reported a comparison study, in which they shifted the surface 
state electrons of Cu(111) to different energy levels by adsorbing three 
isostructural hexagonal porous networks made from three different molecules 
[61]. Figure 2.9a, 2.9b and 2.9c show that the 1,3,5-tris(pyridyl) benzene 
(M1), 1,3,5-tris[4-(pyridin-4-yl) phenyl] benzene (M2) and 1,3,5-tris(4-
bromophenyl) benzene (M3) molecules are all arranged in a honeycomb 
lattice. These porous networks are stabilized by Cu-ligand interactions 
between the respective molecule and the Cu adatoms (see figure 2.9d). Figure 
2.9e shows three groups of STS spectra taken in the center of the pores of the 
three different hexagonal porous networks. Each group of STS spectra was 
taken at four randomly selected pores indicated by four different colors. The 
rather different features (e.g. peak intensity, peak position and peak shape) 
observed in the STS spectra indicate that the confinement strongly depends 
on the pore size and the functional groups of the molecules. Thus, the 
electronic properties of the confined state can be tuned by modifying the 
precursor molecule of the molecular self-assembly. 





Figure 2.9. Metal-coordinated porous network formed by (a) M1, (b) M2 and (c) 
M3 molecules (the molecular structures are shown in the insets). (d) Structural 
model of the porous network. (e) STS spectra acquired in the center of the pores of 
the porous network formed by M1 (top), M2 (middle) and M3 (bottom) molecules. 
(Adapted with permission from reference [61]. Copyright 2013, American Physical 
Society) 
 
2.2.4 Molecular patterning – a possible way to tune the electronic 
structure of graphene 
Graphene is a single layer of carbon atoms arranged in a honeycomb lattice 
[62]. The structure of graphene is shown in figure 2.10, the carbon atoms of 
graphene are arranged in a hexagonal pattern. Every carbon atom in the 
graphene lattice is bonded to the three nearest neighboring atoms as a result 
of the trigonal planar geometry of the sp2 hybridized orbitals. These sp2 
orbitals form the  -bonds between the carbon atoms. The extraordinary 
strength of the  -bond gives graphene its robustness. The unhybridized pz 
orbital protrudes from the plane at the position of the carbon atom nucleus. 




These dangling pz orbitals form the delocalized  -system on both sides of 
the graphene sheet, which is mainly responsible for the electronic properties 
of graphene. 
Figure 2.10. (a) Schematic of graphene’s structure. (b) Schematic of the bonding 
between carbon atoms in graphene. (Adapted from reference [63]) 
 
Since the structure of graphene is already known, its band structure can be 
calculated by using the first nearest neighbor tight binding approximation 
[64]. The resulting band structure is illustrated in figure 2.11. As shown in 
the image, the valance band and the conduction band touch at the K and K’ 
points. Under the condition of charge neutrality, the Fermi surface of 
graphene is represented by the six points which coincide with the corners of 
the Brillouin zone. Under low energy conditions, the energy dispersion of 
graphene can be approximated to be:   FE k k   , where E is the energy 
of the electron, k is the wave vector, ℏ is the reduced Plank’s constant and vF 
is the Fermi velocity. Since the energy E is linearly dependent on the wave 
vector k, a cone-like feature is observed at the low energy regime. This cone-
like feature is also called the Dirac cone due to the fact that the electron 
transport behavior is governed by the Dirac equation in the low energy 
regime [65]. This unique electronic structure gives rise to many interesting 
properties observed in graphene. Mayorov’s work showed that the room 




temperature electron mobility of graphene reached 5 22.5 10 /cm Vs at room 
temperature [66], Lee’s work showed that graphene’s Young’s modulus can 
be as high as 1 TPa with the intrinsic strength of 130 GPa [67], and 
Balandin’s work showed that graphene is also a very good thermal 
conductive material, with a thermal conductivity reaching 3000 W/mK [68].  
 
Figure 2.11. (a) Full view of the energy dispersion relation of graphene. (b) Zoom 
of the Dirac cones in the low energy regime. 
 
With so many extraordinary properties, graphene is regarded as a wonder 
material, useful for a large variety of applications. In prototype devices, 
graphene has shown great potential in sensing, electronics, photonics, energy 
generation and storage [69-73]. However, the absence of a band gap hinders 
the further application of graphene in electronic devices up to now. The 
on/off ratios for graphene transistors is very low, resulting from the zero band 
gap nature of graphene [74]. Therefore, band gap engineering of graphene is 
an essential step for the further application of graphene. Several approaches 
have been suggested to overcome this problem, including substitutional 
dopants [75], covalent modification [76,77] and confinement effects [78,79]. 
While changing the electronic structure of graphene, these methods also 
come with significant trade-offs. For example, the substitutional dopants (e.g., 




B or N) method will introduce defects into the lattice of graphene, covalent 
modification will change sp2 carbon hybridization to sp3 carbon 
hybridization.  
On the other hand, the band gap engineering problem of graphene can also be 
addressed from a different approach. It is well known that the band structure 
of crystalline materials originate from the periodic potential imposed onto the 
electrons when these electrons are travelling in the periodic lattice of atoms 
or molecules [80]. Therefore, the band structure of graphene can be 
influenced when an external periodic potential is applied onto it, thus 
enabling the possibility of band gap engineering of graphene. Theoretical 
studies have shown that the band gap of graphene can be modified when it is 
subjected to an external periodic potential. The gap opening can even be 
tuned by changing the periodicity, symmetry and other details of the external 
potential [81-87]. For example, Zhang and his colleagues reported tunable 
band gap opening of graphene under external periodic potentials [88]. As 
shown in figure 2.12, a potential with a circular shape arranged in a 
hexagonal symmetry was imposed to graphene. The charge carriers in 
graphene were redistributed as a result of the external potential applied to 
graphene. By using density functional theory (DFT) and effective 
Hamiltonian with pseudospin–potential correlation (EH-PS) method, the 
band gap of graphene was calculated. According to their study, a band gap 
was observed at the Dirac point of graphene, and this energy gap can be 
tuned by changing the strength of the potential and the area covered by the 
potential. 





Figure 2.12. (a) Graphene lattice and the circular potential patterns on the top 
position. (b) Charge redistribution induced by the external potential field. (Adapted 
with permission from reference [88]. Copyright 2010, American Physical Society) 
 
Since theoretical studies have suggested the validity of tuning the band 
structure of graphene by a periodic external potential, the next step is to find 
a feasible method to exert the potential onto graphene experimentally. 
Apparently, no top-down method can accomplish this task on a global scale 
since extremely large amounts of identical blocks need to be made and placed 
precisely according to a certain pattern. On the other hand, molecular self-
assembly has been a widely utilized method to form periodic structures on 
surfaces [89,90]. Previous studies have shown that the surface state electrons 
can be confined by molecular patterning and the energy levels of the confined 
electrons can be modified by varying the size of the molecular building block 
[59-61]. Since the low energy electronic states in graphene are described by 
the Dirac equation, the quantum confinement effect derived from the 
Schrödinger equation does not apply to graphene. From a different point of 
view, the physical origin of the band structure is the periodic potential 
imposed to the electrons in materials. In this sense, molecular self-assembly 
can be considered as a promising method to tune the band structure of 
graphene. By molecular self-assembly, graphene is brought into contact with 




molecules. Due to molecule-substrate interactions between molecules and 
graphene, an effective periodic potential is imposed to the underlying 
graphene. In this way, the modification of the electronic structure of graphene 
can be induced. Moreover unlike other methods, molecular self-assembly will 
not alter the electronic structure of graphene by introducing defects or 
changing carbon hybridization from sp2 to sp3. It preserves the pristine 
structure of graphene, thus conserving its excellent electronic properties. 
Therefore, porous networks formed via molecular self-assembly may serve as 
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In this chapter, a brief introduction to the main experimental techniques is 
given. The first section of this chapter describes the working principle of 
scanning tunneling microscopy (STM), which is the most frequently used 
experimental technique in this thesis. The second part introduces the basic 
setup of angle resolved photoemission spectroscopy (ARPES), which is a 
powerful technique for probing the occupied electronic states of conducting 
or semiconducting materials. The last section of the chapter deals with the 

























3.1 Scanning tunneling microscopy 
Scanning tunneling microscope (STM) was invented by Gerd Binnig and 
Heinrich Rohrer in 1981 [1]. With STM, they presented a clear picture of 
surface atoms in real space for the first time in history [2]. For the invention 
of STM, they were awarded the Nobel Prize in physics in 1986. The key 
feature of STM is its astonishingly high resolution capability: it can show a 
non-averaging real space picture of individual atoms. Basically, STM can be 
utilized in three different aspects: it allows for the investigation of the surface 
structure of conducting or semiconducting materials [3-5]; it can provide 
local information on the electronic structure [6-8], and it enables the 
manipulation of individual atoms [9-11]. STM has become one of the most 
powerful instruments in surface science. 
 
3.1.1 Basic setup of STM 
In a STM experiment, a bias voltage is applied between a (semi)conducting 
sample and a sharp metal tip. When the tip is brought to the position of a few 
Ångströms away from the sample surface, a small tunneling current can flow 
between the tip and the sample due to the quantum tunneling effect. The 
tunneling current is exponentially dependent on the tip-sample separation, 
which leads to the high resolution of STM in topography imaging. When the 
STM is scanning over the sample surface, a contour of the area of interest can 
be obtained by maintaining a constant tunneling current while recording the 
vertical position of the tip. Figure 3.1 shows the basic setup of STM, which 
consists of four parts: the damping system, the scanning head, the controlling 
system and the data acquisition system. Since the STM tip need to be 
positioned a few Ångströms away from the sample surface, it is essential to 
have a damping system to minimize vibrations, otherwise the scanning tip 





can be achieved by utilizing a combination of viscoelastic materials, metal 
springs and eddy-current damping devices. The scanning head mainly 
consists of two parts: the coarse positioner and the fine positioner with the 
STM tip attached to it. The coarse positioner offers a relatively large 
travelling distance, while the fine positioner offers a small step size. 
Therefore, the scanning head can move the STM tip with both large travelling 
distance and high precision in positioning. The fine positioner is also used as 
the scanner of the STM, it is usually made of piezoelectric material, in which 
a mechanical strain can be induced in response to the applied electric field. In 
this way, the STM tip can move over the area of interest when the 
corresponding voltage signal is applied to the fine positioner. In the 
controlling system, the tunneling current signal can be monitored and the 
STM tip position can be regulated accordingly. In the data acquisition system, 
the acquired data can be processed and plotted, in this way the data 
acquisition process can be monitored by the STM user. In general, there are 
two working modes of STM: the constant-current mode and the constant-
height mode. In the constant current mode, the measured tunneling current is 
compared to the current value set by the STM user by utilizing a feedback 
circuit. The feedback circuit can generate a correction voltage signal to the 
fine positioner, thus the z-position (vertical position) of the tip can be 
adjusted to keep the tunneling current at the set value. The z-position of the 
tip is recorded with the x-y position of the tip when it moves over the sample 
surface. In the constant-height mode, the vertical position of the tip is kept 
constant by switching off the feedback circuit. The tunneling current signal is 
recorded with the x-y position of the tip when it moves over the sample 
surface. Basically, the constant-height mode can provide faster scanning 
speed, but the constant-current mode is more frequently used since it enables 





Figure 3.1. Schematic showing the basic setup of scanning tunneling microscope. 
 
 
3.1.2 The quantum tunneling effect 
The working principle of the STM is based on the quantum tunneling effect. 
Here a brief introduction to the quantum tunneling effect will be given. 
Consider an electron and a rectangular potential barrier. When the energy of 
the electron is smaller than the height of the potential barrier, the electron will 
not be able to traverse the barrier according to classical physics. But in 
quantum physics, the situation is quite different. It is possible for the electron 
to transverse the barrier due to the wave-particle dualism. Figure 3.2 
illustrates this interesting difference between the classical physics theory and 






Figure 3.2. Differences between classical mechanics and quantum mechanics. 
(Adapted with permission from reference [12]. Copyright 1994, Wiley Periodicals, 
Inc.). 
The basic idea of the quantum tunneling effect can be demonstrated by a one-
dimensional rectangular potential barrier. As shown in figure 3.3, the 
potential barrier has a width s and a height V0. In region 1 (z<0), the potential 
V(z)=0; in region 2 (0≤z≤s), the potential V(z)=V0; in region 3 (z>s), the 
potential V(z)=0. For an electron moving from region 1 to region 3, the state 
of the electron can be described by the Schrödinger equation as follows: 
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,                                                     (3.1) 
where me is the electron mass, ħ is the reduced Planck’s constant, ψ(z)is the 
electron wave function, E is the energy of the electron.  The solution of the 
Schrödinger equation in each region is given as: 
1 = +A
i z i ze e  ,                                           (3.2)   
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-2 , β2= 2me(V0 – E)ħ
-2, A, B, C and D are the coefficients 
that can be derived. According to quantum physics theory, the square of the 
electron wave function bears the meaning of probability. Therefore, when the 
electron is travelling from region 1 to region 3, the probability of finding an 
electron at the point z is proportional to (Deikz)2. This is a nonzero value, 
which means that there exists a possibility of finding the electrons in region 
3. In other words, it is possible for the electron to traverse the potential 
barrier. The formula (Deikz)2 shows the exponential relationship between the 
tunneling current and the distance. This is why the STM is extremely 
sensitive to distance changes perpendicular to the sample surface. 
 
Figure 3.3. Schematic of a one-dimensional rectangular potential barrier.  
 
3.1.3 Theories of STM 
 In order to get a better understanding of the tunneling process between the 





approximations have been developed [12,13], which provide an essential 
foundation for the understanding of the experimentally obtained data from 
STM measurements. In 1961, Bardeen developed a reasonably simple theory 
to understand the tunneling current between two metal electrodes separated 
by a thin insulating layer [14]. Though Bardeen’s theory is not specially 
designed for STM, it can be used to understand the tunneling process in 
STM. As shown in figure 3.4, the tunneling junction consisting of two 
electrodes is assumed to be a one-dimensional system. Though the real 
tunneling junction is simplified to be a one-dimensional system, it is still not 
easy to find a solution for the Schrödinger equation of the combined system. 
Instead of finding the solution for the coupled system, according to Bardeen’s 
theory, we can consider the two electrodes as two separate systems. By 
solving the stationary Schrödinger equations, the electronic states of the 
separated subsystems are obtained. The rate of electron transfer from one 
electrode to another is calculated by using time-dependent perturbation 
theory [14]. This method shows that the amplitude of the electron transfer is 
determined by the overlap of the surface wave functions of the tip and the 
sample. In other words, the tunneling matrix element      between the tip 
state   
   and the sample state   
   is determined by a surface integral on a 
separation surface S0 inside the barrier as 
0
2
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Here V is the bias voltage applied to the tip with respect to the sample.   
   
and   
   are the energy eigenvalues of state   
   and   





absence of tunneling. f(E) is the Fermi distribution function. With low 
temperature and small bias voltage, the tunneling current can be simplified to  
2
22 e
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Figure 3.4. Schematic of the one-dimensional tip-sample tunneling junction with a 
width d. Φ  is the work function of the sample and Φ  is the work function of the 
tip. 
 
To further simplify the calculation of tunneling current, Tersoff and Hamann 
modified Bardeen’s theory and proposed a model in which the tip was 
approximated to be of spherical symmetry with a radius of R as shown in 
figure 3.5 [15,16]. The tip is simply described by a symmetric s 
wavefunction. As a result, the tunneling current can be expressed as  
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         .                       (3.8)  
Here 
1
22 -1=( m )    is the decay constant,  is the work function, assumed to 
be equal for tip and sample and r0 is the center of the tip apex. t ( )FE is the 
local density of states (LDOS) of the tip at the Fermi level. The density of 
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Hence, in the situation of low temperature and small bias voltage the 
tunneling current can be described as:  
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R
F FI V E r E e
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It should be noted that 
s 0( , ) exp( 2 ( ))Fr E R d    , since the sample’s 
wave functions decay into vacuum exponentially. Therefore, it can be 
concluded that: exp( 2 d)I   . This expression shows that constant current 
images can be considered as the topography of the sample’s surface in the 
case of constant sample density of states, low temperature and small bias 
voltage.  
 
Figure 3.5. Schematic of the STM tip in the Tersoff-Hamann model. Though the 
STM tip can have an arbitrary shape, its apex has a spherical shape with a radius of 
R. The tip-sample distance is d. 
 





The tunneling current can also be expressed by an integral, which is 
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where ,V,( s)T   is the transmission coefficient. Hence, the differential 
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By assuming that the LDOS of the tip is constant and the transmission 
coefficient is weakly dependent on V at small bias voltages, the first and 
second term of the expression can be neglected. This leads to  
eV,V,/ ( , ) ( +eV) ( s) ( )s F t FdI dV V s E T E    .                                      (3.14) 
The above result shows that the LDOS of the sample can be proportional to 
the differential conductance under the assumption that the LDOS of the tip is 
constant. To acquire a STS curve, the STM tip is first positioned at the point 
of interest on the sample, then the feedback loop is switched off to keep a 
constant tip-sample distance, then the bias voltage between the tip and the 
sample is swept over the defined range and at the same time the 
corresponding dI/dV signal is recorded. In this way, a STS curve of the 
sample can be obtained. 
 
3.2 Photoemission spectroscopy 
3.2.1 Photoelectric effect 
The photoelectric effect was first discovered by Hertz in 1887, when he 
noticed that the electrodes illuminated with ultraviolet light can create 





“On a heuristic point of view concerning the production and transformation 
of light” [18]. In this paper, Einstein explained the photoelectric effect by 
introducing the wave–particle duality of light, i.e. light can be viewed as a 
continuous wave and at the same time it can also be viewed as a discrete flux 
of photons. The photoelectric effect can be described by a simple formula: 
     = ℎ  −      − Φ  where Ekin is the kinetic energy of the emitted 
photoelectron, ℎ  is the photon energy of the light beam, Ebin is the binding 
energy of the electron in the material and Φ  is the work function of the 
material. The basic idea of the photoelectric effect is that when a light beam 
with sufficient photon energy is shone onto the material, the photoelectrons 
of the material can be emitted after absorbing the photon energy.  
 
Figure 3.6. Schematic diagram of the photoelectric effect. 
 
Even though the photoelectric effect was explained at the beginning of the 
20th century, the utilization of the photoelectric effect as a measurement tool 
in photoelectron spectroscopy was only realized almost half a century later. 
Development in the fields of ultra-high vacuum techniques and high-
resolution electron energy analyzers in the first half of the 20th century finally 







3.2.2 The photoemission process 
The basic principle of the photoemission process can be described by 
Einstein’s equation      = ℎ  −      − Φ , which is the foundation for 
understanding the photoelectron spectroscopy. Due to the fact that the 
photoemission process is a complicated many-body problem in quantum 
mechanics, different theoretical approaches have been developed to gain 
insight into the underlying principles of the photoemission process. Basically, 
there are two main theoretical methods that describe the photoemission 
process: the so-called “one-step model” and the “three-step model”.  
In the one-step model, the photoemission process is viewed as a one-step 
coherent process [19-22]. The main difficulty in treating the photoemission 
process arises from the surface. Due to the presence of the surface, the wave 
functions of the electrons near the solid-vacuum interface can no longer be 
viewed as Bloch waves. To deal with this problem, the so-called inverse low-
energy electron diffraction wave function is used as the final state of the 
electron in the calculation of the one-step model. The one-step model is 
considered as a rigorous way to treat the photoemission process but it is 
technically too complicated to get the accurate calculation result. To 
disentangle the complexity in the calculation of the photoemission process, 
the three-step model has been developed [23-27]. As a phenomenological 
method, the three-step model artificially divides the photoemission process 
into three independent steps: first, the excitation of the electron in the solid 
by a photon; second, the propagation of the photoexcited electron to the 








Figure 3.7. Schematic of the three-step model of the photoemission process. 
 
A schematic of the three-step model of the photoemission process is shown in 
figure 3.7. At the first step, a light beam with photon energy of ℎ  is shone 
onto the material. The energy of a photon is transferred to an electron in the 
material. Then it is excited from the bulk initial state to a bulk final state with 
the conservation of both energy and momentum. For this step, the 
photocurrent is determined by the probability of the optical transition from 
the initial bulk state to the final bulk state.  
In the second step, the photoexcited electron propagates from the bulk to the 
surface of the material. For this step, the photocurrent is determined by the 
probability of inelastic scattering. It is possible for the photoexcited electrons 
to be inelastically scattered when they travel to the surface of the material. 
The kinetic energy and momentum of the electrons will be changed if 





background signal of secondary electrons in the photoemission spectrum. The 
probability of inelastic scattering can be quantified by the inelastic mean free 
path 	    , which is the average travelling length of the electron before it 
undergoes inelastic scattering. Figure 3.8 shows the universal curve of the 
inelastic electron mean-free path versus the kinetic energy of the electrons.  
 
Figure 3.8. Universal curve of photoelectron mean free path as a function of the 
kinetic energy of the photoelectron. The blue dots represent the experimental data 
and the black one is the fitting curve of the experimental data. (adapted from 
reference [28], adapted with permission from reference [29]. Copyright 1979, 
Heyden & Son Ltd). 
 
In the third step, the electron escapes from the solid’s surface into the 
vacuum. This final step takes place only when the kinetic energy of the 
electron is sufficient to overcome the effective work function Φ     . As 
shown in figure 3.9, the sample and the energy analyzer are in electrical 





which means that the Fermi level of these two parts are equal. Consequently, 
the “effective” work function of the PES measurement is Φ    = 	Φ       −
 Φ       − Φ          = Φ         . Therefore the work function of the 
energy analyzer must be calibrated in order to precisely determine the 
binding energy of the electrons. 
 
Figure 3.9. Schematic energy level diagram for a sample which is sharing the same 
ground with the analyzer. 
 
3.2.3 Angle-resolved photoemission spectroscopy 
In an angle-resolved photoemission spectroscopy (ARPES) experiment, the 
kinetic energy of the photo electrons is measured with respect to the emission 
angle of the electrons. In this way, the distribution of the filled electronic 
states in the reciprocal space can be directly observed. Since many 
fundamental material properties are closely related to its band structure, a 







Figure 3.10. Schematic showing the basic measurement geometry in an ARPES 
experiment. A beam of photons is shone onto the sample, the energy of the excited 
photoelectron is measured with respect to its emission angle by the analyzer.  
 
Figure 3.10 shows the basic setup for doing ARPES measurement. It consists 
of three parts: a light source with well-defined photon energy, a crystalline 
sample and an electron energy analyzer. When a flux of photons with an 
energy of ℎ  irradiate the sample, the corresponding photoelectrons, which 
have sufficient energy to overcome the effective work function, will be 
emitted from the surface of the sample at different angles. The analyzer 
detects the electrons with different emission angles and records the kinetic 





Usually, the momentum of the photon is neglected, the in-plane momentum 
Pin of the photoelectron and the energy of the photoelectron are conserved 
during the photoemission process. The in-plane momentum Pin of the 
photoelectron is given by the following formula:  
2 sinin in kinP k mE    ,                                                                       (3.15) 
where m is the mass of the electron, Ekin is the kinetic energy of the 
photoelectron and   is the emission angle of the photoelectron with respect to 
the surface’s normal (polar angle). Based on this formula, the wave vector in 
the x and y direction of the reciprocal space can be obtained as 
2 sin cosx kink mE                                                                         (3.16) 
2 sin siny kink mE      ,                                                                   (3.17) 
where	 is the azimuthal angle. When the kinetic energy of the photoelectron 
is measured by the electron energy analyzer, the binding energy Ebin can be 
extracted from the formula      = ℎ  −      − Φ    , where Φ     is the 
effective work function. In this way, the binding energy Ebin, the polar angle 
  and the azimuthal angle   can be experimentally determined. With formula 
3.16 and 3.17 the wave vector in the x direction (kx) and the wave vector in 
the y direction (ky) can also be calculated. Thus, the dispersion relationship 
between the electron energy and the wave vector can be obtained. In other 
words, the band structure of the filled states can be measured.  
 
3.3 Low-energy electron diffraction 
Low-energy electron diffraction (LEED) is a widely used technique in 
surface science [30]. It can be used to check the cleanliness, investigate the 
ordering of the surface and determine the in-plane lattice parameter [31]. In 







Figure 3.11. Schematic showing the basic setup of a LEED instrument. 
 
The working principle of LEED is based on the Bragg diffraction of the 
electrons on the atomic lattice of materials. Due to the principle of wave-
particle duality, the electron beam can also be considered as a succession of 
electron waves. At the low energy range (10-200 eV), the de Broglie 
wavelength of the electron is comparable with atomic spacings, which 
enables the diffraction of the electrons on the atomic lattice of materials. The 
mean free path for the electrons at this energy range is around several 
angstroms, which makes LEED a surface sensitive technique. In a LEED 
experiment, a beam of low-energy electrons is generated by the electron gun, 
the electrons are directed onto the sample surface and the elastically scattered 
electrons are observed as diffraction patterns on a fluorescent screen. Figure 
3.11 shows the basic set up of a LEED instrument. It mainly consists of two 





Electrons are emitted when current passes through the cathode filament in the 
electron gun. The emitted electrons are focused and accelerated by the 
electrostatic lens in the electron gun. Then the electrons hit the sample 
surface with a normal incidence angle. The electrons are diffracted by the 
surface atoms of the sample. The first grid through which the backscattered 
electrons pass is connected to the ground to ensure a field-free space around 
the sample. The second and third grids are usually called retarding girds, 
these grids are on a potential slightly lower than the kinetic energy of the 
electrons to ensure that only the elastically scattered electrons can go through 
the girds while all the inelastically scattered electrons are prevented from 
reaching the fluorescent screen. Then the electrons pass through the fourth 
grid which is also on the ground potential. After passing through all the grids, 
the electrons are accelerated towards the fluorescent screen which is with a 
high positive potential. As a result, LEED patterns are observed on the 
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Chapter 4  
1,3,5-benzenetribenzoic Acid on Cu(111) and 
Graphene/Cu(111): A Comparative STM Study 
 
In this chapter, the molecular self-assembly of 1,3,5-benzenetribenzoic acid 
(BTB) molecules on Cu(111) and on epitaxial  graphene  grown on Cu(111) 
were studied by scanning tunneling microscopy (STM) and low-energy 
electron diffraction (LEED) under ultrahigh vacuum conditions. On Cu(111) 
the BTB molecules were found to mainly arrange in close-packed structures 
through H-bonding between the (partially) deprotonated carboxylic acid 
groups. In addition, porous structures formed by intact BTB molecules - and 
also based on H-bonding - were observed. On graphene/Cu(111) the BTB 
molecules mainly form porous structures accompanied by small patches of 
disordered close-packed structures. Upon annealing, BTB molecules 
adsorbed on Cu(111) are fully deprotonated and arrange themselves in a 
close-packed structure while in contrast on graphene/Cu(111) the porous 
network is exclusively formed. This shows that the molecular self-assembly 
behavior is highly dependent on the first substrate layer: one graphene layer 
is sufficient to considerably alter the interplay of molecule substrate and 
intermolecular interactions in favor of the latter interactions.  
 
 
The results presented in this chapter were published in: 
Li, Jun, et al. "1, 3, 5-benzenetribenzoic acid on Cu (111) and graphene/Cu 
(111): A comparative STM study." The Journal of Physical Chemistry C 120 
(2016): 18093-18098. 






Graphene is considered as a wonder material because of its countless 
outstanding properties [1,2] which make it the candidate of choice for 
numerous applications in areas ranging from photovoltaics over sensing to 
electronics [3-6]. Due to its two-dimensional structure, graphene generally 
will be in touch with other materials. For example, in the field of graphene-
based organic electronics, the interaction between organic molecules and 
graphene is expected to play an important role in the performance of these 
devices [7-9]. Therefore, an improved understanding of the self-assembly of 
molecules on graphene becomes of vital interest, also in view of industrial 
applications. So far, experimental investigations of molecular self-assembly 
on graphene have been mainly focused on commercially available molecules 
like perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) [10], perylene 
tetracarboxylic diimide (PTCDI) [11], pentacene [12] and further other 
molecules [13-16]. There have been also a number of theoretical studies 
reported which often focus on the changes in the band structure of graphene 
due to the adsorption of organic molecules with the goal to identify a 
molecule which leads to the opening of a band gap at the K point [17-19]. On 
the other hand, graphene is in contact with a support layer, on which it either 
has been grown via chemical vapor deposition (CVD) or placed via a transfer 
technique. Due to the single-atom-thickness of graphene, adsorbed molecules 
will likely “feel” the underlying substrate, thus the molecular layer formation 
as well as the electronic properties will depend on both the interaction with 
graphene and the underlying substrate. For example, for graphene on 
Ru(0001), the adsorption of C60 [20], Fe phthalocyanine [21] as well as 
tetracyanoquinodimethane (TCNQ) [22] were found to be guided by the 
Moirè pattern which graphene exhibits on Ru(0001). Moreover, for TCNQ on 
graphene/Ru(0001) magnetic properties were found for the originally non-





magnetic TCNQ molecules arising due to the influence of the Ru substrate. 
Therefore, a comparative study of the molecule adsorption behavior on 
graphene as well as on the supporting substrate of graphene will shed light on 
the molecule/graphene interface properties. 
Herein, we present a comparative study of the self-assembly behavior of 
1,3,5-benzenetribenzoic acid (BTB) on graphene grown on Cu(111) and of 
BTB on bare Cu(111). Scanning tunneling microscopy (STM) measurements 
showed that for BTB deposited on Cu(111) held at room temperature 
hexagonal porous structures of small sizes coexist with close-packed 
structures. While the molecules in the porous structures are intact, the ones in 
the close-packed structure have their carboxylic acid groups deprotonated. 
Upon annealing at elevated temperatures, all BTB molecules get 
deprotonated and only the close-packed structure forms. On the other hand, 
when BTB is deposited on graphene the molecules are mainly found to form 
the hexagonal porous network already observed on Cu(111). Improved 
quality and increased size of the porous network domains are achieved upon 
annealing at 365 K. Low energy electron diffraction (LEED) measurements 
suggest that the porous network preferably aligns along principal directions 
of the graphene lattice.  
 
4.2 Results and discussion 
 





Figure 4.1. Structure of 1,3,5-benzenetribenzoic acid. Carbon atoms are gray, 
oxygen atoms red and hydrogen atoms white. 
 
As shown in Figure 4.1, each BTB molecule has three carboxylic acid groups 
forming an angle of 120° with respect to each other. The carboxylic acid 
groups can serve as both donor and acceptor for hydrogen bonds. Therefore, 
BTB molecules are good candidates for the formation of H-bonded porous 
networks structures. So far, the adsorption behavior of BTB has been 
investigated on Ag(111) under UHV conditions [25] and on HOPG at the 
solid-liquid interface [26-28]. For both substrates a hexagonal porous 
network has been observed. On Ag(111), in dependence of the annealing 
temperature, two other more densely packed structures have been observed 
which are based on the interaction of partially deprotonated BTB molecules. 
On HOPG a so-called oblique structure exhibiting a denser packing than the 
porous network has been found. In our study, the BTB molecules formed two 
different assembly structures upon deposition on Cu(111) held at room 
temperature (Figure 4.2a). A hexagonal porous network and a close-packed 
structure were found to co-exist. The BTB molecules in the hexagonal porous 
network interact via double hydrogen bonding between their carboxylic acid 
endgroups similar to what has been observed on Ag(111) and HOPG [25, 
26]. In Figure 4.2d the tentative structure model for a pore consisting of six 
BTB molecules is displayed. The unit cell of the porous network was 
measured to be a = b =3.2 nm ± 0.2 nm, with an angle  = 60o ± 1o. Besides 
the porous network, close-packed structure was also observed. The BTB 
molecules are oriented in the same direction and the carboxylic acid groups 
point to the center of neighboring BTB molecules. The unit cell of the close-
packed structure was measured to be a = b = 1.24 nm ± 0.11 nm with an 
angle  = 60° ± 1°. When building the structure model (see Figure 4.2f), it 





turns out that the hydrogen atoms of the hydroxyl groups are too close to the 
hydrogen atoms of the CH groups of neighboring BTB molecules. This 
would result in repulsive interactions and prevent the formation of a stable 
structure. Studies on related molecules having carboxylic acid endgroups 
showed that the hydroxyl groups get deprotonated upon deposition on Cu 
surfaces [29-32]. Therefore, we suggest that the BTB molecules in the close-
packed structure are deprotonated. The deprotonated carboxylic acid groups 
point to the center of neighboring BTB molecules and two hydrogen bonds 
are formed between the oxygen atoms of the COO group and hydrogen atoms 
of neighboring CH groups (see structure model in Figure 4.2f). A close 
inspection of the STM images revealed that some of the BTB molecules are 
partially deprotonated (see figure 4.2b and 4.2e). Figure 4.2c displays an 
STM image taken for a sample which was annealed at 385 K. The porous 
network structure disappeared and only the same close-packed structure 
already observed for room temperature preparation was present. It can be 
concluded, in accordance with what is reported for related molecules [29-32], 
that the deprotonation process is enhanced upon annealing. For annealing 
BTB on Cu(111) at 385 K all molecules are deprotonated and thus, the close-
packed structure is the only structure present after annealing. 







Figure 4.2. (a) STM image (46.9 nm × 46.9 nm, U = -1.5 V, I = 20 pA) for BTB 
deposited on Cu(111) held at room temperature. The molecules arrange in a close-
packed structure as well as a porous network. Both structures co-exist on the surface. 
(b) A zoom-in STM image (13.4 nm × 13.4 nm, U = -1.5 V, I = 20 pA) of the region 
marked with black square in figure 4.2a. Porous network structure was observed in 
the center of the close-packed structure indicating that the BTB molecules were 
partially deprotonated. (c) STM image (31.9 nm × 31.9 nm, U = -1 V, I = 20 pA) 
after annealing the sample at 385 K. Now, only the close-packed structure is 
observed. (d) Tentative structural model of the porous network formed by double 
hydrogen bonding between neighboring molecules, the unit cell is marked in blue. 
(e) Tentative model of the structure observed in figure 4.2b . Hydrogen bonding was 
formed between the partially deprotonated BTB molecules, which drove the 
formation of the porous network and the close-packed structure. (f) Tentative 
structural model of the close-packed pattern formed by deprotonated BTB molecules 
after annealing; the unit cell is marked in blue.  
 





In a next step the influence of a graphene layer grown on the Cu(111) surface 
on the adsorption behavior of BTB was investigated and the findings are 
compared to BTB on Cu(111). Graphene was grown on Cu(111) according to 
the procedure described in ref. 24. The pristine graphene sample was first 
checked by LEED and STM before depositing BTB onto it. Figure 4.3a 
shows the LEED pattern of graphene grown on Cu(111) taken at an energy of 
74.5 eV. The Cu(111) reciprocal unit cell vectors are marked in blue. The 
ring around the first order Cu(111) diffraction spots indicates both the 
successful synthesis of graphene and its polycrystallinity. The ring exhibits 
increased intensity in the vicinity of the first order Cu(111) diffraction spots, 
suggesting a preferred orientation of graphene with respect to the Cu lattice 
[33, 34]. Figure 4.3b shows an STM image for graphene on Cu(111). Atomic 
resolution as well as a Moirè pattern originating from the lattice mismatch 
between graphene and the underling Cu(111) surface [35] can be observed. 
Depending on the specific angles between the principal directions of 
graphene and the Cu(111) surface, a number of different periodicities for the 
Moirè patterns can be observed [36-38].  
 
Figure 4.3. (a) LEED pattern of graphene grown on Cu(111) taken at an energy of 
74.5 eV. The light blue lines indicate the Cu directions. In the inset, the diffraction 
features originating from Cu and graphene are marked by a blue and red arrow, 





respectively. (b) STM image (18 nm × 18 nm, U = -1.5 V, I = 10 pA) showing the 
Moirè pattern as well as atomic resolution of graphene on Cu(111). 
 
After the deposition of BTB onto graphene/Cu(111) held at room 
temperature, the sample is transferred to the STM and cooled down to 77 K 
for STM measurements. Figure 4.4a displays a representative STM image. 
The BTB molecules tend to arrange in a hexagonal porous network, while to 
a smaller extent a close-packed and disordered arrangement is also observed. 
Annealing the sample at 365 K resulted in the (almost) exclusive formation 
of the hexagonal porous network (Figure 4.4b). Compared to the not 
annealed sample the average island size considerably increased, now 
exhibiting long-range order. The high-resolution STM image in Figure 4.4c 
reveals the detailed structural arrangement of BTB on graphene/Cu(111). The 
arrangement in a honeycomb structure is similar to what was observed on the 
Cu(111) surface (Figure 4.2c). Each pore consists of six BTB molecules and 
each BTB molecule interacts with three neighboring BTB molecules via 
double hydrogen bonding. The unit cell is rhombic and marked in blue in 
Figure 4c. The lattice parameters determined from the STM data are a = b= 
3.27 nm ± 0.15 nm and the angle  = 60° ± 1° and each unit cell contains two 
BTB molecules. Annealing at 365 K promoted the formation of molecular 
islands with a larger size and long-range order. Thus, it can be concluded that 
in our case the mobility of the BTB molecules on the graphene surface 
increased upon annealing resulting in a rearrangement of the disordered areas 
into the porous network structure. During this rearrangement upon annealing, 
H-bonds are broken and newly formed until the thermodynamically stable 
phase, the porous network, is formed. It should be noted that annealing at 
temperatures higher than 365 K did not result in the formation of another 
structure. Therefore, annealing can be used as an effective way to drive a 





self-assembled system into its thermodynamically most stable phase by 
making use of its error correction capability. 
 
Figure 4.4. (a) STM image (75.5 nm × 75.5 nm, U = -2.1 V, I = 210 pA) for BTB 
deposited onto graphene/Cu(111) held at room temperature. A porous network forms 
which exhibits several disordered areas. (b) STM image (65 nm × 62 nm, U = -1.5 
V, I = 10 pA) for submonolayer coverage of BTB on graphene/Cu(111) after 
annealing at 365 K. The quality of the porous network is highly improved. (c) High-
resolution STM image (7.7 nm × 7.7 nm, U = -1.5 V, I = 10 pA) of submonolayer 
coverage of BTB on graphene/Cu(111) showing submolecular resolution for the 
individual BTB molecules. The unit cell is drawn in blue. 
 
To obtain information on the structural relation of the porous network and the 
underlying graphene substrate, LEED measurements were performed at room 
temperature after annealing at 365 K. The LEED pattern of the porous 
network acquired at an energy of 70 eV is shown in Figure 4.5a. The ring-
like diffraction pattern of graphene is marked by a red arrow, one of the first-
order diffraction spots of the Cu(111) surface is indicated by a blue arrow and 
the diffraction pattern originating from the porous network is marked by a 
green arrow. The ring-like diffraction pattern for graphene exhibits intensity 
variations which suggest that certain graphene orientations with respect to the 
underlying Cu substrate are preferred. The diffraction pattern arising from the 
BTB honeycomb network is close to the (0,0) spot and consists of concentric 





rings each having six clear spots. This indicates that – similar to graphene – 
the porous BTB network exhibits preferred orientations. Since the real space 
lattice parameters of the Cu(111) surface and graphene are known, the real 
space lattice parameter of the BTB network can be deduced, it amounts to 
3.27 nm. This is in very good agreement with the lattice parameter obtained 
from STM. One of the principal Cu directions (blue dashed line in Figure 
4.5b) and one of the unit cell directions of the porous network are parallel to 
each other. This can be inferred from the fact that a diffraction spot of the 
BTB network is located on the blue dashed line indicating a principal Cu 
direction. The diffraction pattern of graphene and the porous network have 
the ring-like diffraction pattern in common which, nevertheless, exhibits 
clear preferred directions. This suggests that the porous BTB network follows 
the orientation of graphene. On the other hand, if the porous BTB network 
would follow the orientation of the Cu(111) surface, the ring-like diffraction 
pattern present for the BTB network should not be observed.    
 
Figure 4.5. (a) LEED pattern (taken at a primary energy of 70 eV) of the porous 
BTB network on graphene/Cu(111) after annealing at 365 K. The features arising 
from the Cu surface, graphene and the BTB network are marked in blue, red and 





green, respectively. (b) LEED pattern for the same sample but taken at a primary 
energy of 16.6 eV. Now, the diffraction pattern arising from the porous BTB 
network can be seen more clearly. 
 
Our study shows that the adsorption behavior of BTB on graphene is quite 
different from its adsorption behavior on Cu(111). On Cu(111) the BTB 
molecules already get partially deprotonated when deposited on a sample 
held at room temperature and thus, cannot form long-range ordered H-bonded 
networks - like the hexagonal porous network - based on double hydrogen 
bonding between the carboxylic acid endgroups. Instead, the BTB molecules 
prefer to arrange in a close-packed structure. Upon annealing at elevated 
temperatures, all endgroups can be deprotonated and the close-packed 
structure is exclusively formed. On the other hand, for deposition on 
graphene held at room temperature the porous network is the dominating 
assembly and only a few disordered patches are found. Upon moderate 
annealing, the porous network can be exclusively formed. This demonstrates 
that graphene can act as a buffer layer to (partially) decouple the molecules 
from the metallic substrate and to prevent the deprotonation. However, an 
influence from the metallic Cu substrate is still present. This is the case 
because the BTB network aligns with regard to the graphene lattice which in 
turn aligns with regard to the principal Cu directions.  
 
4.3 Summary and conclusion 
In summary, a comparative study on the molecular self-assembly of BTB on 
Cu(111) and graphene grown on Cu(111) was performed. On Cu(111) a 
partial deprotonation of the molecules was observed resulting in the co-
existence of close-packed and porous structures at room temperature. Upon 
annealing, the carboxylic acid endgroups are completely deprotonated and 





only the close-packed structure forms. In contrast, on graphene no 
deprotonation of the endgroups takes place. Already when BTB is deposited 
onto graphene held at room temperature, the molecules primarily assemble in 
a porous network, but also disordered close-packed structures were found. 
With the help of moderate annealing, long-range ordered domains of the 
porous network can be exclusively fabricated. LEED measurements indicate 
that the orientation of the porous BTB network follows the graphene lattice 
which in turn exhibits preferred orientations in regard to the Cu(111) surface.  
Our study shows that graphene can effectively serve as a decoupling layer for 
the formation of long-range ordered self-assembled molecular structures. On 
the one side the molecule substrate interaction is reduced (molecular 
chemisorption to the metal is prevented which can hinder the formation of 
self-assembled structures) while on the other side the molecules still “feel” 
the metal underneath the graphene layer. This influence of the metal can be 
used to tune the molecular adsorption energy in dependence of the type of 
metal used and offers the possibility to let the molecules and the metal 
interact selectively.  
 
4.4 Experimental methods 
Structural characterization: The STM measurements were performed at 77 K 
under ultrahigh vacuum conditions (base pressure ~ 10-11 mbar) with a 
commercial low temperature STM (Scienta Omicron GmbH). The STM tip 
was made from a mechanically cut Pt/Ir wire. All bias voltages are given with 
respect to a grounded tip. The STM images were acquired in constant current 
mode and analyzed with WSxM software [23]. LEED measurements were 
performed at room temperature. 
Graphene preparation: The Cu(111) surface was first cleaned by repeated 
cycles of Ar+ sputtering (5.0 Messer) and annealing (800 K) in ultrahigh 





vacuum and then transferred to an ex-situ oven for the graphene growth. 
Graphene was grown by cracking methane on the Cu(111) surface at around 
1270 K. A detailed description can be found in reference [24] . After 
graphene was grown on Cu(111), the samples were transferred back to the 
UHV system where they were degassed at 700 K for 30 minutes to remove 
residual water and further adsorbates that might adsorbed onto graphene 
during the short transfer of the sample through air. 
Molecule deposition: BTB with a purity of 98% was purchased from Sigma 
Aldrich. The structure of BTB is shown in Figure 1. Deposition of BTB was 
done in situ from a commercial molecule evaporator (OmniVac) onto the 
sample kept at room temperature. Before depositing the molecules onto 
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Chapter 5  
A porous molecular network on Au(111): 
confining the surface state as well as the surface 
potential of the reconstructed surface 
 
A self-assembled nanoporous network with long-range order is formed by 
1,3,5-benzenetribenzoic acid molecules on Au(111). By utilizing scanning 
tunneling microscopy (STM), scanning tunneling spectroscopy (STS), angle-
resolved photoemission spectroscopy (ARPES) and boundary element method 
(BEM) calculation, we reveal that the electronic structure of the Au(111) 
surface is changed due to the periodic potential induced by the molecular 
network. The lateral confinement of the surface state electrons in the pores of 
the molecular network leads to the formation of a regular quantum dot array. 
Due to leaky confinement, the confined states can couple and a 2D band 
structure is formed. Moreover, the interplay of the periodic potential 
introduced by the adsorption of the porous molecular network with the 
varying surface potential of the face-centered-cubic (fcc) and hexagonal-
close-packed (hcp) areas of the Au(111) surface results in an additional 
variation of the surface state band structure; i. e. a gap is introduced into the 
artificial 2D band structure. Our study shows that molecular patterning can 
serve as a promising tool to macroscopically tune the electronic properties of 
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The controlled manipulation of matter on the microscopic scale to achieve 
tunable macroscopic materials´ properties is at the heart of nanoscience and -
technology. Artificial nanostructures built through the scanning tunneling 
microscopy (STM) manipulation method, e.g. quantum corrals, were shown 
to modify the electronic surface properties of metals locally by confining the 
surface state electrons [1-5]. Though the STM manipulation method offers 
ultimate precision in building artificial nanostructures, it is impractical to be 
used for adjusting the properties of an entire macroscopic surface since it 
simply is too time-consuming. On the other hand, band folding and band gap 
opening of surface state bands have been observed on vicinal metal surfaces 
suggesting that the electronic properties of entire metal surfaces can be tuned 
by the periodic potential exerted by the vicinal surface [6-12].  Since the 
main adjustable parameter of this method is the terrace width, only a very 
limited amount of control can be exercised. A further possibility is molecular 
self-assembly which offers the possibility to build up large-area, well-ordered 
nanostructures on surfaces in a short amount of time.  As a parallel process, 
the molecules quickly arrange themselves into an ordered structure via non-
covalent intermolecular interactions and without human intervention [13,14]. 
In this way, a periodic scattering potential for surface state electrons can be 
formed on a metal surface in the form of porous networks, allowing the 
controlled modification of the surface state band structure. By using 
molecular building blocks with different sizes and geometries, the pore size 
as well as the symmetry of the porous networks can be adjusted, which 
allows for tuning the electronic structure of the whole surface in a 
controllable way. Lobo-Checa et al. were the first to show the formation of a 
quantum dot array on Cu(111) by molecular self-assembly of a perylene 
derivative, which enabled the surface state confinement in the network pores, 
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resulting in a new dispersive band due to the coupling of neighboring 
quantum dots [15, 16]. For a family of linear linker molecules, Co-
coordinated porous molecular networks having similar geometries but 
different sizes were built up on Ag(111), which allowed for a tunable energy 
level alignment [17, 18]. The surface state band bottom of Cu(111) was 
reported to be shifted towards the Fermi level due to the potential induced by 
the porous network built with 9,10-dicyanoanthracene molecules [19]. The 
confined surface state electrons in the pores of the molecular network were 
observed to influence the adsorption behavior of the deposited atoms [20, 21].  
In this study, we synthesized a porous molecular network by depositing 
1,3,5-benzenetribenzoic acid (BTB) on Au(111). This gives us the possibility 
to study the interplay between the inherent surface potential associated with 
the reconstructed surface of Au(111) and the periodic potential induced by 
the molecular network. STM measurements showed that the molecules were 
arranged in a honeycomb lattice due to intermolecular hydrogen bonding 
between the carboxylic acid groups. The diffraction pattern observed in low-
energy electron diffraction (LEED) measurements indicated long-range order 
of the molecular network. Scanning tunneling spectroscopy (STS) 
measurements showed that the surface state electrons on Au(111) were 
restricted to discrete energy levels due to quantum confinement effect in the 
cavity of the network. Band gap opening in the surface state band of Au(111) 
was observed in the ARPES measurement. The experimental data and the 
boundary element method (BEM) calculation indicate that the electronic 
properties of the surface state electrons are modulated by the surface potential 
induced by the porous network and the reconstructed surface. 
 
5.2 Experimental results and discussion 
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The employed BTB molecule (Figure 5.1a) has a three-fold symmetric shape 
with three terminal carboxylic acid functionalities. Upon deposition of BTB 
on Au(111) and subsequent annealing at 400 K for 30 minutes, a well-
ordered hexagonal porous network formed (Figure 5.1c) exhibiting domain 
sizes of 200 nm and more, only depending on the Au terrace sizes. The long-
range order of the porous network was confirmed by LEED (see Figure 5.1d 
Figure 5.1e). The LEED diffraction pattern showed that the porous network 
possessed an relative rotation of ± 3.5◦ with respect to the principal direction 
of the Au(111) substrate. From the detailed STM image (Figure 5.1b) with 
intramolecular resolution it can be clearly seen that the molecules are 
arranged in a honeycomb lattice. Each hexagonal pore consists of six 
molecules. The rhombic unit cell (indicated in blue in Figure 5.1b) has a size 
of a=b=3.28±0.14nm and an angle of Ɵ=60±0.5o. The proposed molecular 
model of the porous network is superimposed onto the STM image in Figure 
5.1b. The molecules are lying flat on the Au(111) surface and each molecule 
undergoes double H-bonding with three neighboring molecules via the 
carboxylic endgroups. The intermolecular double hydrogen-bonds between 
adjacent molecules is the main driving force for the formation of the long-
range ordered network while the molecule substrate interactions are assumed 
to be relatively weak since the intact herringbone reconstruction is visible 
through the molecular overlayer (Figure 5.1c). In general, the formation of 
the porous molecular network is similar to what has been observed on 
Ag(111) [23], graphite [24] and graphene [25]. 
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Figure 5.1. (a) Structure of 1,3,5-benzentribenzoic acid (BTB). Gray: carbon atoms, 
red: oxygen atoms, white: hydrogen atoms. (b) Detailed STM image (8.4 nm × 8.4 
nm) of the honeycomb network. The unit cell is marked in blue. The proposed 
molecular model for the BTB honeycomb network is overlaid onto the STM image. 
(c) After annealing at 400 K, the BTB molecules exclusively arrange in a 
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honeycomb network as can be seen from this large-scale overview STM image (200 
nm × 100 nm). (d) LEED image for the BTB network on Au(111) after annealing 
taken at 103 eV. The (0,0) and first order spots of the Au(111) surface are visible. (e) 
LEED image for the BTB network on Au(111) after annealing taken at 14 eV. Spots 
originating from the porous BTB network are visible. 
 
 
Figure 5.2. (a) STS spectra taken on the fcc (black) and hcp (blue) zone of 
the bare Au(111) substrate. (b) STS spectra taken in the center of a bright 
pore located on a hcp area (blue line, position marked in (d) by a blue dot) 
and a dark pore located on a fcc area (black line, position marked in (d) by a 
black dot). (c) Topography image for submonolayer coverage of BTB on 
Au(111) after annealing at 400 K (30 nm × 30 nm). (d), (e) dI/dV maps 
acquired simultaneously with the STM image displayed in (c) at -0.40 V and 
-0.25 V, respectively (30 nm × 30 nm). 
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To investigate the influence of the porous BTB network on the electronic 
surface properties of Au(111) , STS measurements were performed in an area 
where both the bare Au(111) surface and the porous network were present 
(Figure 5.2c). The STS spectra acquired in the fcc and the hcp zone, 
respectively, of the bare Au(111) surface are displayed in Figure 5.2a and 
serve as a reference for the measurements performed in the areas covered by 
the BTB network. Clear differences are present between these two curves: the 
STS spectrum taken in the hcp zone exhibits an almost δ -like increase 
directly at the surface state onset, while the STS spectrum taken at the fcc 
zone shows the same δ-like increase directly at the surface state onset but 
with a considerably decreased amplitude. The STS spectrum of the hcp zone 
reaches its peak value at -0.48 eV, the STS spectrum of the fcc  zone reaches 
its peak value at -0.42 eV. According to previous studies, this behavior was 
caused the periodically varying potential of the Au(111) herringbone 
reconstruction [26-29], which can be quantitatively explained by the Kronig-
Penney model [26].  In analogy to previous works, which reported surface 
state confinement in molecular pores adsorbed on metal surfaces having a 
surface state [15-21], the potential induced by the BTB network can be 
expected to lead to confinement of the Au surface state electrons inside the 
pores. The eigenenergies of the confined states can then be approximated by 
using the particle in a box model, consequently rendering each pore a 
quantum dot. When performing STS measurements inside a pore, three cases 
have to be differentiated. The pore is either located on a hcp or fcc area or on 
both a hcp and fcc area. In the following, we will only consider the two 
extreme cases (pore on either hcp or fcc area) since the third case is a mixture 
of the former two. The STS spectra acquired in the center of the two kinds of 
pores are shown in Figure 5.2b. While for the pore on the hcp area the entire 
region between -0.42 V and -0.25 V shows high intensity and individual 
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peaks are not easily discernible, for the pore on the fcc area two peaks located 
around -0.36 V and -0.25 V can be identified. To examine the spatial 
distribution of the local density of states (LDOS), dI/dV maps were acquired 
at energies of -0.4 eV (Figure 5.2d) and -0.25 eV (Figure 5.2e). For surface 
state confinement in the pores, a high intensity of the LDOS signal has to 
then be present in the pores. However, for -0.4 eV only a striped pattern both 
on the bare Au surface and on the area covered by the molecular network was 
observed. From that we conclude that at this energy no surface state 
confinement in the pores of the molecular network takes place. On the other 
hand, at -0.25 eV dome-like features were observed in the center of the pores, 
which is a typical sign for quantum confinement. In the following, we will 
first continue discussing the surface state confinement before looking into the 
underlying reason for the appearance of the striped pattern at -0.4 eV. 
 
Figure 5.3. Confinement of the surface state electrons of Au(111) by the BTB 
network. (a) STM image (4 nm x 4 nm) of an individual BTB pore. (b), (c) and (d) 
Experimentally acquired dI/dV maps taken at -0.25 V, -0.1 V and 0.25 V. (e) STS 
spectrum taken at the center position (red curve, position marked by the red square 
in Figure 5.3a) and STS spectrum taken at the halfway position (green curve, 
position marked by the green square in Figure 5.3a). (f), (g) and (h) The LDOS at -
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0.25 V, -0.1 V and 0.25 V calculated by the boundary element method (BEM). The 
molecules are represented by the hexagons arranged in the triangular shape. 
 
To further examine the confinement of the Au surface state in the pores of the 
BTB network, we focused on a pore located on a hcp zone of the Au(111) 
surface (Figure 5.3a). For STS measurements taken at the center as well as at 
halfway between the center and the pore edge (see Figure 5.3e), local 
maxima (besides the one at -0.4 eV) were observed at energies of -0.25 eV 
(center position), -0.1 eV (halfway  position) and +0.25 eV (center position). 
To study the spatial distribution of the LDOS, dI/dV maps were taken at 
these three energies. The dI/dV map taken at -0.25 eV (Figure 5.3b) exhibits 
a dome-like shape with the highest intensity in the center of the pore, which 
corresponds to the ground state energy of the first confined state. The dI/dV 
map taken at -0.1 eV (Figure 5.3c) has a donut shape with the highest 
intensity located between the pore center and its rim and shows the spatial 
distribution of the second eigenstate. The dI/dV map taken at +0.25 eV shows 
a more complicated structure than the previous two patterns. In addition to 
the central maximum, six maxima close to the positions of the molecules 
were observed. This pattern represents the spatial distribution of the third 
eigenstate. To gain further insight into the confinement effect induced by the 
porous network, we calculated the LDOS inside the cavity at the energy of -
0.25 eV, -0.1 eV and +0.25 eV with BEM calculation (see figure 5.3f, 5.3g 
and 5.3h) [30, 31]. The BEM is developed by García de Abajo which has 
been extensively used for solving Maxwell’s equations and optical response 
for arbitrary shapes. This method is suitable for studying the regions with 
constant potential, while the boundaries between regions with abrupt 
potential change. In the calculation, the molecules are assigned a potential of 
0.47 eV while the Au surface is assigned a potential of 0 eV. The features 
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observed in the experimental acquired dI/dV map in Figure 5.3 can be 
quantitatively reproduced in our calculated result. The nice match between 
the experimental data and the calculation supports our interpretation on the 
features observed in the dI/dV map. The STS and dI/dV maps indicate that 
the molecular network formed by BTB molecules can function as a potential 
barrier to confine the surface state electrons of the Au(111) surface. The 
confinement effect restricts the surface state electrons to discrete energy 
levels in the cavity of the molecular network. Therefore, each pore can be 
considered as a quantum dot, and a regular quantum dot array is generated 
due to the inherent periodicity of the molecular network. 
 
Figure 5.4. (a) STM image (7.6 nm x 7.3 nm) of the porous network taken 
simultaneously with the dI/dV maps (b), (c) dI/dV maps taken at -0.4 eV and -0.25 
eV, respectively. (d) Schematic of the potential landscape of the BTB network on 
Au(111) used for the BEM calculations (e), (f) Spatial distributions of the LDOS at -
0.4 eV and -0.25 eV, respectively, calculated with the BEM method.  
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Now, we will focus on the stripe pattern observed in the dI/dV map taken at -
0.4 eV. Comparing Figures 5.2c and 5.2d reveals that the the dark stripes 
locate on fcc zones while the britght stripes locate on the hcp zones and the 
corrugation lines. This observation indicates that the stripe pattern obtained at 
-0.4 eV has a close relationship with the herringbone reconstruction of 
Au(111). It has been reported that the dI/dV map acquired on bare Au(111) at 
-0.48 eV also exhibits stripped pattern due to the different intensity of LDOS 
in the fcc zone and hcp zone of the reconstructed surface [26, 28]. According 
to the previous study, the different packing density of Au atoms between the 
fcc and hcp region gave rise to a superlattice with periodically varying 
potentials, which resulted in the spatial and energetic rearrangement of the 
surface state electrons of Au(111) [26]. In response to this potential 
superlattice, the surface state electrons with lower energy tend to be localized 
in the hcp region of the reconstructed Au(111) surface, while the trend is 
reversed for the electrons with relatively higher energy, shifting the LDOS to 
the fcc region to the reconstructed Au(111) surface. In analogy to the 
previous study, here, we propose that the spatial and energetic distribution of 
the surface state electrons of Au(111) are modulated by the potential 
superlattice induced by the reconstruction and the porous network. Due to the 
leaky confinement effect induced by the pure organic molecular network, a 
coupled quantum dot array is formed, which resultes in the formation of an 
artifical two-dimensional dispersive band structure observed around -0.4eV. 
In the meantime, the spatial and energetic distribution of the surface state 
electrons are also influenced by the potential superlattice induced by the 
reconstrcutions. As a result, the low energy surface state electrons tend to be 
localized in the hcp region while the the electrons with relatively higher 
energy are shifted to the fcc region, which lead to the stripe pattern observed 
in the dI/dV map at -0.4 eV. 
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To gain insight into the underlying mechanism of the stripe pattern, we 
calculated the local density of states at the metal-organic interface with the 
BEM calculation [30, 31]. The potential landscape for the calculation is 
shown in figure 5.4d. The potential difference between the fcc and hcp region 
has been estimated to be 25 meV in previous studies. [26, 27]. Therefore, we 
assign a potential of -25 meV for the hcp zone and a potential of 0 meV for 
the fcc zone and the hydrogen bonding point. For the BTB porous network, 
we assign a potential of 310 meV. The band onset of the surface state band is 
determined to be -0.48 eV from the STS data, and the effective mass is 0.27 
me, which is in agreement with previous studies [26, 27, 32, 33] . Figure 5.4e 
shows the calculated LDOS at -0.4 eV, the fcc zone appear relatively darker, 
which corresponds to a lower LDOS, while the hcp zone appears brighter 
which corresponds to the higher LDOS. The stripe pattern with alternating 
brightness is nicely reproduced by our calculation. Compared to the 
experimental data in Figure 5.4b, a good agreement between the calculated 
data and the experimental results is reached, which support our interpretation 
that the electronic properties of the Au(111) substrate are influenced by the 
surface potential induced by the porous network and the herringbone 
reconstruction. To check the spatial distribution of the surface state electrons 
at higher energy, the LDOS is also calculated at -0.25 eV (see Figure 5.4f). In 
this case, the fcc zone is with a higher LDOS while the hcp zone is with a 
lower LDOS, which shows an inverse in brightness compared the LDOS at 
the -0.4 eV. Figure 4c shows the dI/dV map taken at the -0.25 eV, the 
intensity of fcc zone is indeed higher than that of the hcp zone at -0.25 eV. 
The calculated data shows a good consistence with the experimental results 
for both low energy and high energy electrons, which further support our 
interpretation that the electronic properties of the Au(111) are modulated by 
the potential superlattice induced by the molecular network and the 
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Figure 5.5. ARPES measurements for the porous BTB network on Au(111) taken 
along the ΓM (a) and ΓK direction (b), the second derivative of the energy 
dispersion curves are taken to enhance the gap openings (c), (d) Simulated energy 
dispersion curves based on the BEM calculations.  
 
It has been reported that the coupled quantum dot array can give rise to the 
formation of a new dispersive band structure[15, 16], and the periodic 
potential superlattice can lead to the band gap opening at the Brillouin zone 
boundary as indicated by the Kronig–Penney model [7, 11, 34-38]. In view of 
this, ARPES measurements were performed at 150K to study the band 
structure of the Au(111) surface with the porous network on it. Figure 5.5a 
and Figure 5.5b show the second derivative of the ARPES data of porous 
network on Au(111) plotted along the ΓM direction and the ΓK direction. As 
shown in the image, a new dispersive band is formed due to the coupling of 
the neighboring quantum dots induced by the leaky confinement effect. The 
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band bottom is observed around -0.4 eV, which is in agreement with the STS 
data shown in Figure 5.2b. It is notable that the dispersion of the new band is 
relatively broad compared to the results reported in the previous study[15]. 
The LEED diffraction pattern has shown that the molecular network formed 
on Au(111) has two mirror domains with an relative rotation of ± 3.5◦ with 
respect to the principal direction of the Au(111) substrate. Therefore, the 
porous network leads to the formation of quantum dot arrays aligned in two 
directions with  a relative angle of 7◦, which results in the formation of two 
sets of new band structures with a relative rotation of 7◦ in the reciprocal 
space. When ARPES data is plotted along high symmetry points of one set of 
the new band structure, it also has contributions from the other set of the new 
band structure. Therefore, the dispersion of the electrons appears to be 
broadened due to the relative rotation between these two sets of new band 
structure. Another notable feature in the ARPES image is the dramatic 
decrease of the intensity observed around a certain momentum values. 
According to the Kronig–Penney model, band gap opening is expected at the 
Brillouin zone boundary due to the periodic potential imposed onto free 
electron system [7, 11, 34-38]. In our study, the band gap opening is 
observed around 0.11 A-1 along the Γ  direction and 0.13 A-1 along the Γ  
direction, which corresponds the Brillouin zone boundary of the BTB porous 
network. Therefore, we assign the band gap opening observed in the ARPES 
data to the periodic potential induced by the molecular network. The band 
structure of the Au(111) surface with the BTB network is also calculated with 
the BEM method. As shown in figure 5.5c and 5.5d, the calculated image can 
quantitatively reproduce the features observed in the experimental data. Band 
gap opening is shown around the same momentum value and energy value, 
which further support our interpretation of the band gap in terms of the 
periodic potential induced by the porous network. 
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5.3 Summary and conclusion 
To summarize, long-range ordered BTB porous network is synthesized on 
Au(111). The surface state electrons of Au(111) are confined in the cavities 
of the porous network, which leads to the formation of a coupled quantum 
dot array. A new dispersive band structure is formed due to the coupling of 
the neighboring quantum dots. The surface state band structure are changed 
due to the inherent surface potential associated with the reconstructed surface 
of Au(111) and the periodic potential induced by the molecular network. Our 
study shows that molecular patterning can serve as a promising tool to 
macroscopically tune the electronic properties of metal surface in a 
controllable manner.   
 
5.4 Experimental methods 
The STM measurements were performed in a two-chamber ultrahigh vacuum 
(UHV) system (base pressure ~ 10-11 mbar) with a low temperature STM 
(Omicron Nanotechnology GmbH) operated at 4.5 K. The STS measurements 
were performed at 4.5 K using a lock-in amplifier with a modulation 
amplitude of 10 mV (rms) and frequency of 678 Hz. The STM images were 
analyzed with the WSxM software [22]. The given bias voltages refer to a 
grounded tip.  
The ARPES measurements were performed in a second UHV system (base 
pressure of 1*10-10 mbar) with a display-type hemispherical electron analyzer 
(SPECS Phoibos 150), an energy/angle resolution of 40 meV/0.1◦ and a 
monochromatized Helium I (hν= 21.2 eV) source. The sample temperature 
during measurements was 150K.  
A clean and flat Au(111) substrate was prepared by repeated cycles of Ar+ 
sputtering and subsequent annealing at 700 K. BTB molecules were in situ 
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sublimed from a Knudsen cell (540 K) onto the Au(111) substrate held at 
room temperature. 
The boundary element method (BEM) is based on Green’s functions for finite 
geometries and electron plane wave expansion for periodic systems. To 
calculate the band structure, the particle-in-a-box model is extended to 
infinite 2D systems by defining an elementary cell and using periodic 
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Para-hexaphenyl-dicarbonitrile on Au(111): a 
combined STM and ARPES study 
 
A hexagonal porous network was obtained by the codeposition of para-
hexaphenyl-dicarbonitrile (NC-Ph6-CN) molecules and Co atoms on Au(111) 
surface. Scanning tunneling microscopy (STM) and scanning tunneling 
spectroscopy (STS) measurements reveal that the surface states electrons of 
Au(111) are confined in the cavities of the porous network and shifted to 
discrete energy levels. Band folding and band gap opening of the surface 
state band of Au(111) are observed in the angle-resolved photoemission 
spectroscopy (ARPES) measurements. The surface state band structure of 
Au(111) is modified due to the periodic potential induced by the well-ordered 
porous network. Our results show that molecular patterning may serve as a 
promising method for the controllable tuning of the band structure of metal 
















In the pioneering work of Crommie [1], standing wave patterns were 
observed in the cavity of the quantum corral made of individual metal atoms, 
which demonstrated the quantum confinement effect of the surface state 
electrons. After that, confinement effect were also reported in various surface 
nanostructures including vacancy islands [2,3], molecular adsorbates [4-7] 
and some other artificial nanostructures [8-11]. Among these surface 
nanostructures, molecular self-assembly has drawn great research attention 
due to its intrinsic flexibility and versatility. By choosing the molecular 
building blocks with suitable functional groups, molecular self-assemblies 
with different cavity sizes and symmetries can be formed by the 
corresponding noncovalent intermolecular interactions [12-17]. Thus, the 
surface state electrons can be shifted to different energy levels, which 
exhibits the possibility of tuning electronic properties of metal surface in a 
controllable manner [18-20]. Furthermore, the high reversibility of the non-
covalent interactions allows for the formation of the defect-free porous 
network structure with long-rang order [21,22]. The well-ordered molecular 
nanostructures impose a periodic scattering potential onto the underlying 
substrates due to the molecule-substrate interactions, which creates the 
possibility of tuning the electronic properties of the metal substrate on a 
macroscopic scale. For example, Lobo-Checa et al. reported the formation of 
a coupled quantum dot array on Cu(111) surface due to the confinement 
effect induced by the long-range ordered molecular network adsorbed on it. 
A dispersive band was observed in the ARPES measurement, which arises 
periodic potential induced by the regular porous network [23].  
Here, we investigate the self-assembly formed by NC-Ph6‑CN molecules and 
the codeposited Co atoms on Au(111) with STM, STS and ARPES. An well-
ordered hexagonal porous network was formed by the NC-Ph6‑CN molecules 




due to the metal-coordination interaction between the cyano group and the Co 
atoms. Standing wave patterns were observed in the cavity of the porous 
network illustrating the confinement effect of the surface state electrons in 
the cavities of the porous network. ARPES measurements demonstrated the 
bandgap opening of the surface state band of Au(111), which indicated that 
the electronic properties of Au(111) were tuned on a macroscopic scale due 
to the presence of the molecular network. 
 
6.2 Results and discussion 
The molecular structure of NC-Ph6‑CN is depicted in figure 6.1a, six phenyl 
rings are joined by C-C single bonds with the functional cyano groups at both 
ends. The two dimensional self-assemblies of NC-Ph6‑CN molecule have 
been studied on Ag(111), molecular network with mesoscale domains were 
observed [21]. The porous network formed by NC-Ph6‑CN and NC-Ph4‑CN 
molecules were also reported to locally modify the electronic properties of 
Ag(111) due to the confinement effect [19]. Here, we performed an combined 
study of STM and ARPES to investigate electronic properties of metal-
organic interface between the NC-Ph6‑CN molecules and Au(111) surface. 
After the subsequent deposition of NC-Ph6‑CN molecules and Co atoms onto 
the Au(111) substrate, the sample was cooled down to 4.5 K and 
characterized with STM. The arrangement of NC-Ph6‑CN molecules after 
deposition is depicted in figure 6.1b. Single molecules can be easily 
identified by the rod-like shape. The molecules are mainly arranged in a 
honeycomb lattice, while some pentagons and heptagons are also observed. 
The molecular model of the porous network observed in the STM image is 
illustrated in figure 6.1c. Since the direct boning between the cyano groups of 
the neighboring molecules would be energetically unfavorable, we propose 




that the hexagonal porous network are stabilized by the metal-ligand 
interactions between the cyano group and the Co atoms, which is also 
consistent with previous research work [19,21,25-28]. Each Co atom is 
shared by three neighboring NC-Ph6‑CN molecules and each NC-Ph6‑CN 
molecule are bonded to two Co atoms. In this manner, a molecular network 
extending over the whole surface is formed. The unit cell of the porous 
network is marked as the black rhombic. The unit cell size is measured to be 
a = b = 5.8 nm with an internal angle α = 60º. 
 
Figure 6.1. (a) Chemical structure of NC-Ph6-CN molecule. Carbon atoms are gray, 
nitrogen atoms blue, and hydrogen atoms white. (b) STM image (80nm×80nm,U= -
0.5v, I=10pA) showing the topography of the sample after the codeposition of NC-
Ph6‑CN molecules and Co atoms. The molecules are arranged in a honeycomb 
lattice (c) Tentative structural model of hexagonal porous network, the porous 
network are stabilized by the metal coordinating bonding between the cyano group 
of the molecules and the Co atoms, which is marked as a red dot in the image. The 
unit cell is marked by the black lines in the image. 






Figure 6.2. (a) Zoom-in STM image (7.3 nm×6.5 nm) of the hexagonal porous 
network. The positions for acquiring the STS curves are marked by the blue and red 
square. (b) The black curve shows the STS curves acquired on bare Au(111) surface. 
The blue curve shows the STS acquired at the center position of the cavity as 
marked by the blue square in figure 6.2a. The red curve shows the STS acquired at 
the halfway position of the cavity as marked by the red square in figure 6.2a. (c) The 
dI/dV map taken at -0.4 eV showing a domelike pattern. (d) The dI/dV map taken at 
-0.28 eV showing a donut pattern. 
To investigate the quantum confinement in the cavity of the porous network, 
STS spectrums were acquired on the bare Au surface and the porous network. 
The black curve in figure 6.2b shows the STS acquired on the bare Au(111) 
surface, the surface state of Au(111) is illustrated by the sharp peak observed 
around -0.46 eV with a onset energy of -0.48 eV. The blue curve is taken at 




the center positon of the cavity of the porous network as indicated by the blue 
square in figure 6.2a. Compared to the STS of the bare Au, the peak position 
of the STS taken at the center position is shifted from -0.46 eV to -0.40 eV, 
the onset energy value is shifted from -0.48 eV to -0.5 eV, which may be due 
to the charge transfer effect between the metal-organic network and the 
Au(111) substrate. The red curve is taken at the half-way position of the 
cavity (red square in figure 6.2a), a pronounced peak is observed around -
0.29 eV with a shift of 170 meV towards the Fermi level with respect to the 
surface state of Au(111). The strong spatial variation of the local density of 
states (LDOS) indicated that the surface state electrons of Au(111) are 
confined in the porous network and shifted to the energy levels nearer to the 
Fermi level. To probe the spatial distribution of the LDOS in the cavity of the 
porous network, dI/dV map were acquired at -0.4 eV (figure 6.2c) and -0.28 
eV (figure 6.2d). As shown in figure 6.2c, a domelike pattern is observed at -
0.4 eV which corresponds to the first eigenstate of the quantum confinement 
effect [2, 3, 19, 29]. The dI/dV map taken at -0.28 eV shows a donut shape 
pattern with its highest intensity observed at the halfway position, which is 
the typical feature of the second eigenstate of the quantum confinement effect 
[2, 3, 19, 29]. The STS and dI/dV map measurements demonstrate that the 
surface state electrons of Au(111) is confined by the potential induced by the 
molecular network. The confinement effect of the porous network modified 
the spatial and energetic distribution of the surface state electrons of Au(111), 
which lead to the formation of a well-ordered quamtun dot array due to the 
inherent periodicity of the porous network. 





Figure 6.3. (a) The second derivative of the ARPES data acquired on the bare 
Au(111). (b) The second derivative of the ARPES data of the molecular network on 
Au(111) plotted along the ΓM direction. (c) The second derivative of the ARPES 
data of the molecular network on Au(111) plotted along the ΓK direction. 
 
ARPES measurement was carried out to gain insight into the influence of the 
molecular network on the surface state band structure of Au(111). As shown 
in figure 6.3a, the second derivative of the ARPES data acquired on the 
pristine Au(111) is showing a parabolic dispersion. The Rashba splitting due 
to the spin-orbital coupling is also observed in the image, which is in 
agreement with previous studies [30-32]. ARPES measurements were also 
performed on Au(111) after the formation of the metal-coordinated molecular 
network. The second derivative of the ARPES data is plotted along the ΓM 
direction (figure 6.3b) and the ΓK direction (figure 6.3c). Due to the coupling 
between the neighboring quantum dots, a new band structure is formed. 
Compared to the pristine Au(111), the band bottom of the newly formed band 
is shifted away from the Fermi level, which is in agreement with the STS data. 
Another noticeable feature is variation of the photoelectron intensity in the 
images. A considerable drop in the photoelectron intensity can be observed 
around the momentum value of 0.06 A-1 and 0.12 A-1 in figure 6.3b, which 
appears like opening a band gap in the surface state band of Au(111). 
According to the Kronig–Penney model, band gap opening is expected at the 
at the Brillouin zone boundary due to the periodic potential imposed onto the 




free electron system[33].The band folding and band gap opening of the 
surface state band of metals has been reported due to the formation of the 
ordered nanostructures on metal substrates [34-41]. According to these 
studies, the well-ordered nanostructures impose a periodic potential to the 
underlying substrate. Therefore, a new Brillouin zone in the reciprocal space 
is formed, which corresponds to the periodicity of the nanostructures in the 
real space. As a result, band folding and band gap opening are observed at the 
boundary of the new Brillouin zone. In this study, the hexagonal porous 
network formed by NC-Ph6‑CN molecules and Co atoms possesses a unit 
cell size of 5.8 nm, which gives a ΓM distance of 0.062 A-1 along the ΓM 
direction. The drop in the photoelectron intensity observed around 0.06 A-1 
and 0.12 A-1 in figure 6.3b, which shows a good match to the calculated value 
of the M point of the first Brillouin zone and the Γ point of the second 
Brillouin zone. Similar calculation was also performed for figure 6.3c, which 
indicates that the drop in the photoelectron intensity observed around 0.07 A-
1 and 0.11 A-1 and 0.14 A-1 corresponds to the K point, M point and the 
second K point along the ΓK direction. Based on these observations, we 
propose that the drop of photoelectron intensity shown in the ARPES data 
stem from the well-ordered hexagonal porous network. The periodic potential 
induced by the porous network gives rise to the band folding and band gap 
opening observed at the specific momentum value. Furthermore, the ARPES 
data demonstrates that the electronic structure of Au(111) is modulated by the 
molecular network on a macroscopic scale, which indicates the possibility of 
tuning the electronic properties of metal surfaces by molecular patterning. 
 
6.3 Summary and conclusion 
In conclusion, a metal-coordinated hexagonal porous network was formed by 
the codeposition of Co atoms and NC-Ph6‑CN molecules on Au(111). The 




surface state electrons of Au(111) are confined in the cavities of the porous 
network. Band folding and band gap opening are observed in the surface state 
band of Au(111) due to the periodic potential induced by the molecular 
network. Our study demonstrates that molecular patterning creates the 
possibility of tuning the electronic properties of metal surface on a 
macroscopic scale. 
 
6.4 Experimental methods 
The sample preparation and characterization was performed in a ultrahigh 
vacuum (UHV) system (base pressure 10-11 mbar) equipped with an Omicron 
low-temperature STM. The Au(111) substrate was cleaned by repeated cycles 
of Argon ion sputtering and annealing. The molecules were heated to 550 K 
and deposited onto the Au(111) substrate held at room temperature. The Co 
atoms were deposited onto the sample by electron beam evaporation from a 
Co rod. The STM and STS measurements were performed at 4.5 K and 
analyzed with WSxM software [24]. The STS measurement were performed 
by utilizing a lock-in amplifier with the modulation amplitude of 10 mV (rms) 
at the frequency of 678 Hz. ARPES measurements were performed at 150 K 
in UHV system (base pressure 10−10 mbar) equipped with a hemispherical 
electron analyzer (SPECS Phoibos 150) and a monochromatized Helium I 
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Low-dimensional metal-organic coordination 
structures on graphene 
 
We report the formation of one- and two-dimensional metal-organic 
coordination structures (MOCSs) from para-hexaphenyl-dicarbonitrile (NC-
Ph6-CN) molecules and Cu atoms on graphene epitaxially grown on Ir(111). 
By varying the stoichiometry between the NC-Ph6-CN molecules and Cu 
atoms, the dimensionality of the MOCSs can be tuned: for a 3:2 ratio a two-
dimensional hexagonal porous network based on three-fold Cu-coordination 
was observed while for a 1:1 ratio one-dimensional chains based on a two-
fold Cu-coordination formed. The formation of the metal-ligand bonding is 
evidenced by clearly imaging the individual Cu atoms with scanning 
tunneling microscopy. Scanning tunneling spectroscopy measurements 
demonstrate that the electronic properties of NC-Ph6-CN molecules and Cu 
atoms are modified due to the structural transformation from two–














Molecular self-assembly on graphene has drawn constantly increasing 
attention over the past few years due to its potential for applications ranging 
from organic electronics over photovoltaics to spintronics [1-3]. Particularly, 
the chemical inertness and the low density of states near the Fermi level make 
graphene a perfect choice as a buffer layer to decouple adsorbed molecules as 
well as atoms from the underlying (metallic) substrate. The low hybridization 
between the absorbed species and graphene allows for the direct imaging of 
the molecular orbitals in real space with scanning tunneling microscopy 
(STM) and even more importantly, it also holds promise to preserve the 
intrinsic properties of the adsorbed species like magnetic moments or 
catalytic activity [4,5]. On the other hand, the application of graphene in the 
field of (high-performance) electronics requires control over the type and 
concentration of charge carriers as well as the possibility to introduce a 
bandgap (essential for usage in transistor applications). Theoretical studies 
showed that the electronic properties can be tuned when an external potential 
with a certain shape, symmetry and periodicity is applied [6,7]. The periodic 
potential induced by long-range ordered molecular superstructures has shown 
the possibility to tune the electronic properties of metal surfaces as well as 
graphene on a macroscopic scale [8, 9]. Thus, molecular self-assembly on 
graphene can be viewed as a promising method to tune the electronic 
properties of graphene on a macroscopic scale. By exploiting the charge 
transfer, which occurs upon adsorption of specially designed molecules 
which are either strongly electron-donating or electron-accepting, control 
over the type and concentration of charge carriers can be obtained [10,11]. 
Furthermore, through the adsorption of carefully designed organic molecules 
on graphene an electronic bandgap can be also opened according to theory 
[12, 13]. The key point in this case is the breaking of the sublattice symmetry 
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of graphene by transferring charge between the molecules and only one of the 
two sublattices. This has not been experimentally realized up to now. So far, 
almost exclusively only commercially available molecules were tested for 
doping graphene and moreover, the possibility to transfer the knowledge and 
ideas present for 2D (supra)molecular structures on metallic surfaces has 
hardly been made use of [14-23]. Interestingly, up to now the approach of 
adsorbing 2D metal-organic coordination networks (MOCN) on graphene for 
controllably changing its electronic or magnetic properties has not been 
pursued – despite the various properties MOCNs have to offer and which are 
described in abundant reports and reviews for MOCNs on metallic surfaces 
[24-27].  Moreover, the coordinated metal atoms can also be viewed as an 
atom dot array decoupled from the underlying metal substrate, which may 
provide properties unavailable on metal substrates. However, 3D composites 
made from graphene-related materials and MOCNs [28, 29] have received 
increasing attention over the last few years while their structural arrangement 
has not been unraveled to date. 
Here, we report a systematic study for the creation of low-dimensional metal-
organic coordination structures on graphene epitaxially grown on Ir(111) 
from para-hexaphenyl-dicarbonitrile (NC-Ph6-CN) molecules (Figure 7.1c) 
and co-deposited Cu atoms. The as-deposited NC-Ph6-CN molecules self-
assemble on graphene/Ir(111) into a close-packed arrangement consisting of 
one-dimensional (1D) lines of parallel arranged molecules which appears as a 
striped pattern. By co-adsorbing Cu atoms and varying the stoichiometry 
between the NC-Ph6-CN molecules and Cu atoms, a basketweave-like pattern, 
a hexagonal porous network (3:2 ratio) or 1D chains (1:1 ratio) are formed 
(from low to high amount of Cu atoms). The bright protrusions between the 
molecules observed in the STM images originate from the presence of the Cu 
atoms, which indicates the formation of metal-ligand bonding between the 
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cyano groups of the NC-Ph6-CN molecules and the co-deposited Cu atoms. 
The structural transformation of the metal-organic coordination structures 
(MOCSs) in dependence of the amount of Cu atoms with respect to organic 
molecules involves the modification of the electronic properties of both the 
NC-Ph6-CN molecules and Cu atoms, as evidenced by scanning tunneling 
spectroscopy (STS) measurements. 
 
7.2 Results and discussion 
After the growth of graphene on Ir(111), the graphene quality was checked 
by STM and LEED measurements. The atomically resolved STM image 
(Figure 7.1a) shows the Moiré pattern originating from the lattice mismatch 
between graphene and Ir(111). In the low-energy electron diffraction (LEED) 
pattern (Figure 7.1b), the Moiré pattern can be discerned by the satellite spots 
around the (1,1) spots of Ir(111) [31, 32]. Both experiments indicate the 
successful synthesis of graphene. Figure 7.1c shows the molecular structure 
of NC-Ph6-CN: six phenyl rings are joined by single C-C bonds with a 
terminal cyano group at each end of the molecule. MOCNs from the family 
of this molecule (NC-Phn-CN with n=3,4,5,6) have been extensively studied 
on mainly Ag(111) and Cu(111) surfaces [33-37]. Figure 7.1d shows the 
close-packed arrangement of NC-Ph6-CN when deposited on graphene/Ir(111) 
held at room temperature. Individual NC-Ph6-CN molecules can be easily 
recognized by their rod-like shape. Similar to the arrangement of NC-Ph6-CN 
on Ag(111) for close to monolayer coverage [38], the molecules arrange in a 
striped pattern on graphene/Ir(111). Within one stripe, the molecules are 
parallel to one another, while every fourth molecule a shift along the long 
axis of the molecule with this distance of one phenyl ring occurs. The 
detailed discussion of this molecular striped pattern will be presented 
elsewhere [39].  






Figure 7.1. (a) STM image (9.7 nm × 9.7 nm, U = −0.5 V, I = 120 pA, T = 77 K) of 
graphene grown on Ir(111) showing atomic resolution as well as the Moiré pattern. 
(b) LEED pattern of graphene epitaxially grown on Ir(111) taken at an energy of 138 
eV. The presence of the graphene Moiré pattern can be identified by the satellite 
spots around the first-order Ir spots. (c) Chemical structure of the NC-Ph6-CN 
molecule. Carbon atoms are gray, nitrogen atoms blue, and hydrogen atoms white. 
(d) STM image (25.4 nm × 19.3 nm, U = −0.5 V, I = 20pA, T = 77 K) of the as 
deposited NC-Ph6-CN molecules on graphene/Ir(111). The molecules arrange 
parallel to one another in a striped pattern. 
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Upon deposition of a very small amount of Cu atoms onto the close-packed 
arrangement of NC-Ph6-CN on graphene/Ir(111), the striped pattern was 
transformed into a basketweave-like pattern. Though the parallel arrangement 
of the molecules is still observed (marked by black lines in Figure 7.2a), 
some packages of parallel molecules are rotated by 60° with respect to the 
other molecules and moreover, some molecules are also arranged in a head-
on configuration (marked by red lines in Figure 7.2a). In the head-on 
configuration, the cyano groups of the involved molecules point directly 
towards each other. The electrostatic repulsion between the partially 
negatively charged nitrogen atoms of the cyano groups would make this 
arrangement energetically unfavorable unless metal-ligand bonding takes 
place between the cyano groups and the deposited Cu atoms. To investigate 
this in more detail, a close-up STM image was taken (Figure 7.2b). The 
round bright protrusions can be assigned to the central Cu atoms of the metal-
ligand bonds which take place between three NC-Ph6-CN molecules and one 
Cu atom. For MOCNs on metal surfaces, the metal centers are rarely imaged 
by STM [40-42]. The protrusions resolved between three adjacent molecules 
provide a direct evidence of the three-fold metal coordination bonding 
formed between the Cu atom and the cyano groups of neighboring molecules. 
The proposed molecular model is shown in Figure 7.2c. Due to the three fold 
metal coordination bonding between the molecules and the Cu atoms, a near 
rhombic shape structure is formed. In the cavity of the rhombus, the NC-Ph6-
CN molecules are stacked in a side to side configuration.  The unit cell of the 
basketweave-like pattern is marked in orange in Figure 7.2a, the size of the 
unit cell is measured to be a = 5.6 nm, b = 4.5nm and α = 77°. 
 
 




Figure 7.2. (a), (d) and (g) STM images of the self-assembled molecular structures 
from NC-Ph6-CN molecules and co-deposited Cu atoms at different molecule to 
atom ratios. Structural evolution of the MOCSs with decreasing molecule to atom 
ratio: the basketweave-like pattern (a), hexagonal porous network (b) and molecular 
chains (g). (b),(e) and (h) Close-up STM images with intramolecular resolution of 
the basketweave-like pattern (b), hexagonal porous network (e) and molecular 
chains (h). In all three STM images, the Cu atoms are clearly resolved as round 
protrusions between neighboring NC-Ph6-CN molecules, which reveals the 
formation of metal-ligand bonds. (c),(f) and (i) Molecular models of the 
basketweave-like pattern (c), hexagonal porous network (f) and molecular chain (i). 
The Cu atoms are depicted by red spheres. Scanning parameters: (a) 17.4 nm × 13.5 
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nm, U = −0.5 V, I = 20 pA, T = 77 K; (b) 8 nm × 8 nm, U =−0.5 V, I = 20 pA, T = 
77 K; (d) 34.8 nm × 27.2 nm, U =−1 V, I = 20 pA, T = 77 K; (e) 8 nm × 8 nm, U 
=−0.5 V, I = 120 pA, T = 77 K; (g) 8.3 nm × 18.8 nm, U =−2 V, I = 10 pA, T = 77 K; 
(h) 1.1 nm × 5.7 nm, U = 1 V, I = 10 pA, T = 4.5 K. 
 
The remaining of the side to side arrangement of the molecules indicates the 
possible lack of Cu atoms in forming metal-ligand interactions. Therefore, 
sample with stoichiometry (Cu/molecule) of 1:1.5 was prepared to study the 
molecular self-assembly at higher stoichiometry. As shown in Figure 7.2d, 
the hexagonal porous network becomes the dominant phase at the 
stoichiometry (Cu/molecule) of 1:1.5. Zoom-in image with intramolecular 
resolution was taken to gain insight into the bonding of the hexagonal porous 
network. As shown in Figure 7.2e, the six phenyl rings of the NC-Ph6-CN 
molecule and the Cu atom are clearly resolved, which unambiguously 
demonstrates that the hexagonal porous network formed on graphene/Ir(111) 
was stabilized by the three-fold metal coordination bonding between the 
deposited Cu atoms and the cyano group of the molecules. The unit cell of 
the hexagonal porous network is marked in orange in Figure 7.2d, the size of 
the unit cell is measured to be a = b = 5.7 nm and α=60°. Figure 7.2f 
demonstrates the molecular model for the hexagonal porous network 
structure, which shows a good agreement with the STM image. Compared to 
the extensive research work carried out on metal surfaces, the metal 
coordination bonding is poorly investigated on graphene surface. To the best 
of our knowledge, this is the first experimental observation of molecular 
porous network stabilized by metal coordination bonding on graphene. The 
well-ordered metal coordinated porous network is highly appealing since it 
bears great potential in two aspects. For graphene, the periodic potential 
induced by the porous network may modify the electronic properties of 
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graphene and may ultimately allow for tailoring the band gap of graphene. 
For the adsorbed atoms and molecules, the presence of graphene decouple 
them from the underlying metal substrates, which may preserve the magnetic 
moments, catalytic activity and other intrinsic properties. 
Samples with the stoichiometry (Cu/molecule of∼1:1) was also prepared to 
investigate the self-assemblies at even higher stoichiometry. As shown in 
Figure 7.2g, the dominant phase of the molecular self-assembly becomes the 
one dimensional molecular chain. Zoom-in image of the molecular chain is 
acquired at 4.5 K, since the molecular chain is more stable at lower 
temperature and STM image with better resolution can be obtained. In the 
zoom-in image (Figure 7.2h), a bright protrusion is resolved between two 
adjacent molecules in the molecular chain, which manifests the formation of 
the metal coordination bonding in the molecular chain. By depositing more 
Cu atoms, the structure of the molecular self-assembly transforms from two-
dimensional porous network to one-dimensional molecular chain. The 
corresponding intermolecular interaction also change from three-fold metal 
coordination bonding to two-fold metal coordination bonding. The 
transformation of the molecular arrangement demonstrate the flexibility and 
versatility of the coordination bonding between the Cu atoms and the 
carbonitrile functional groups, which is in line with previous research results 
[36, 43]. Another point worth noticing is the observation of Cu atoms in the 
STM image. It’s been reported that the metal atom centers of the coordinated 
self-assemblies on metal surfaces can be imaged by STM under special tip 
conditions [40-42]. But in the current study, the Cu atoms have been 
observed on different samples with different tip conditions with different 
scanning parameters. Therefore, we propose that that the observation of the 
Cu atoms in the current study does not stem from a special tip condition but 
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from the low electronic hybridization between the Cu atoms and the 
underlying graphene. 
 
Figure 7.3. (a) Orange curve: STS on the Cu atom in the molecular chain, position 
marked by the orange square in the inset. Blue curve: STS on the Cu atom in the 
porous network, position marked by the blue square in the inset. Red curve: STS on 
the molecule in the porous network, position marked by the red sphere in the inset. 
Black curve: STS on the molecule in the porous network, position marked by the 
black sphere in the inset. (b) STM image taken on the porous network for resolving 
the molecular orbitals in real space. Scanning parameters: (a) 8 nm × 8 nm, U= 2.4 
V, I= 350 pA, T=4.5 K. 
 
The experimental observation shows that the molecular network stabilized by 
three fold Cu coordinated bonding can transform into molecular chain 
stabilized by two fold Cu coordinated bonding by tuning the molecule to 
atom ratio. These two structures represent a unique model system to 
investigate the modification of the electronic properties of the ligand 
molecule and the metal atom when the bonding motif is changed. The red 
curve in Figure 7.3a exhibits the STS acquired on the molecule consisting the 
porous network (position marked by red sphere in the inset), two strong 
Low-dimensional metal-organic coordination structures on graphene 
127 
 
peaks are observed at the energy of -4.0 eV and +2.4 eV with a broad gap 
region between the peaks. Since the dI/dV signal is proportional to the local 
density of states, tunneling through the molecular orbitals can lead to the 
peaks in the dI/dV spectra which corresponds to the highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
[44]. Therefore, the peaks at the -4.0 eV and +2.4 eV correspond to the 
HOMO and LUMO of the NC-Ph6-CN molecule in the porous network 
respectively, giving a band gap of 6.4 eV. For the molecules in the molecular 
chain, the HOMO and LUMO is found at -4.2 eV and +2.1 eV respectively, 
giving a band gap of 6.3 eV (see the black curve in Figure 7.3a). The 
modulation of molecular states induced by the bonding between the molecule 
and the metal atoms have been reported in different systems [45-49]. Behind 
the change in the molecular arrangement observed in the current study, the 
underlying driving force is the transformation of the bonding motif from 
three-fold metal coordination to two-fold metal coordination. Therefore, the 
different features observed in the STS spectra may stem from the different 
hybridizations between the molecules and the coordinated Cu atoms. The 
clearly resolved Cu atom in the STM image allows for performing STS 
measurements directly on the Cu atoms to investigate the influence of the 
structural transformation on the electronic properties of the Cu atoms. For the 
Cu atoms in the porous network, a strong peak is observed at +2.3 eV for the 
unoccupied states of the Cu atom (blue curve in Figure 7.3a). While the peak 
is shifted to +1.8 eV for the Cu atom in the molecular chain (orange curve in 
Figure 7.3a). The modulation of the electronic properties of the coordinated 
Cu atoms is in agreement of the shift of the molecular orbital of the NC-Ph6-
CN molecules, which demonstrates that the change in the bonding 
configuration has a drastic influence of the electronic properties of the 
constituents. To further investigate the electronic structures of the molecules, 
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STM image is taken at +2.4 eV to resolve the spatial distributions of the 
LUMO of the molecules consisting the porous network. As shown in Figure 
7.3b, the phenyl rings of NC-Ph6-CN molecules are clearly resolved in the 
STM image, and the Cu atoms appear as bright protrusions in between 
neighboring molecules.  
 
7.3 Summary and Conclusion 
In conclusion, we have performed an experimental study on the metal 
coordinated self-assembles formed by NC-Ph6-CN molecules and deposited 
Cu atoms on graphene surface. By tuning the stoichiometry between the 
deposited Cu atoms and the molecules, different kinds of molecular self-
assemblies can be formed including basketweave-like pattern, hexagonal 
porous network and one dimensional molecular chains. The electronic 
properties of the molecules and coordinated Cu atoms are modified due to the 
change of the bonding motif associated with the structural transformation. 
The ordered metal coordinated self-assemblies hold the promise in tuning the 
electronic properties of graphene by molecular patterning. 
 
7.4 Experimental methods 
The experiments were carried out in a two chamber ultrahigh vacuum system 
(base pressure of 4 × 10-11 mbar) housing a commercial low temperature 
STM (Scienta Omicron GmbH). The Ir(111) substrate was cleaned by 
repeated cycles of Argon ion sputtering followed by annealing to 1300 K. 
Graphene was grown via chemical vapor deposition by exposing the Ir(111) 
substrate held at 1200 K to a partial pressure of 4 × 10-7 mbar ethylene gas 
for 3 mins. The NC-Ph6-CN molecules were heated to 550 K inside a 
commercial molecule evaporator (OmniVac) and deposited onto the 
graphene/Ir(111) substrate held at room temperature. The Cu atoms were 
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deposited with an electron beam evaporator (Oxford Applied Research Ltd). 
STM measurements were performed at both 77 K and 4.5 K with a 
mechanically cut Pt/Ir wire in constant current mode. All bias voltages are 
given with respect to a grounded tip. The STM images are analyzed with the 
WSxM software [30]. STS measurements were performed at 4.5 K by using a 
lock-in amplifier (modulation amplitude of 10 mV (rms) and frequency of 
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Conclusions and Perspectives 
The controlled manipulation of matter on the microscopic scale to achieve 
tunable materials properties on the macroscopic scale is at the heart of 
nanoscience and -technology. Artificial nanostructures built by making use of 
the scanning tunneling microscopy (STM) manipulation method, e.g. 
quantum corrals, were shown to locally modify the electronic surface 
properties of metals by confining the surface state electrons. Though the 
STM manipulation method offers ultimate control and precision in building 
artificial nanostructures, it is impractical to be used for adjusting the 
properties of an entire macroscopic surface since it is very time consuming. 
On the other hand, via noncovalent intermolecular interactions well-ordered 
two-dimensional molecular porous networks can be created on surfaces. It 
has been reported that an artificial 2D dispersive electronic band structure can 
be formed on a Cu(111) surface after the formation of a nanoporous 
molecular network, which indicates that molecular self-assembly may serve 
as a promising way to tune the electronic properties of metal surfaces and 
perhaps even graphene on a macroscopic scale.  
In this thesis, we synthesized well-ordered molecular porous networks on 
both graphene and metal surfaces. Ultra-high vacuum (UHV) low-
temperature scanning tunneling microscopy (STM) and low-energy electron 
diffraction (LEED) measurements were performed to gain insight on the 
structure of the molecular networks. Scanning tunneling spectroscopy (STS) 
and angle-resolved photoemission spectroscopy (ARPES) measurements 
were performed to study the influence of the molecular network on the 
electronic properties of the underlying substrates. 
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In Chapter 3, a comparative study on the molecular self-assembly of 1,3,5-
benzenetribenzoic acid (BTB) molecules on Cu(111) and graphene/Cu(111) 
is reported. On Cu(111), the BTB molecules were found to mainly arrange in 
close-packed structures stabilized by hydrogen bonding between the partially 
deprotonated carboxylic acid end groups. In addition, porous structures 
formed by intact BTB molecules were also observed, which are based on 
hydrogen bonding between the neighboring molecules. On graphene/Cu(111), 
the BTB molecules mainly formed porous structures accompanied by small 
patches of disordered close-packed structures. After annealing, the BTB 
molecules adsorbed on Cu(111) were fully deprotonated and arranged in the 
close-packed structure. In contrast, the porous network was exclusively 
formed on graphene/Cu(111) after annealing. The different structures formed 
by the BTB molecules on these two substrates indicate that the molecular 
self-assembly behavior is highly dependent on the first substrate layer. 
Though graphene is only a single layer of carbon atoms, it can effectively 
decouple the adsorbed molecules from the underlying metal substrates. 
In chapter 4, a detailed study of the porous network formed by BTB 
molecules on Au(111) is reported. STM measurements showed that the 
molecules were arranged in a honeycomb lattice, similar to the ones observed 
on Cu(111) and graphene/Cu(111). The diffraction spots observed in the 
LEED image indicated the long-range order of the molecular network. STS 
measurements showed that the surface state electrons of Au(111) are 
confined in the cavities of the porous network, which resulted in the 
formation of a regular quantum dot array. Due to leaky confinement, the 
confined states can couple leading to the formation a new band structure 
which was observed in ARPES measurements. Our study shows that 
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molecular patterning can serve as a promising tool to macroscopically tune 
the electronic properties of metal surfaces in a controllable manner. 
In chapter 5, a combined STM and ARPES study on the metal-coordinated 
hexagonal porous network formed by Co atoms and para-hexaphenyl-
dicarbonitrile molecules (NC-Ph6‑CN) on Au(111) is presented. STS spectra 
showed that the surface state electrons of Au(111) were confined due to the 
potential induced by the porous network. A new band structure was observed 
in the ARPES measurements which demonstrate that the electronic properties 
of metal surfaces can be modified due to the periodic potential induced by the 
well-ordered porous network. 
In chapter 6, the synthesis and characterization of metal-coordinated 
molecular self-assemblies from NC-PH6-CN molecules and co-deposited Cu 
atoms on graphene/Ir(111) is presented. By tuning the stoichiometry between 
the deposited Cu atoms and the molecules, different kinds of molecular self-
assemblies can be formed. For a 3:2 ratio, a two-dimensional hexagonal 
porous network based on three-fold Cu-coordination was observed while for 
a 1:1 ratio, one-dimensional molecular chains based on two-fold Cu-
coordination were formed. The formation of the metal-coordination bonding 
was evidenced by clearly imaging the individual Cu atoms with STM. STS 
measurements demonstrated that the electronic properties of NC-Ph6-CN 
molecules and Cu atoms are different for the two–dimensional porous 
network compared to the one-dimensional molecular chains. 
In conclusion, we studied the molecular self-assemblies formed by the BTB 
and NC-Ph6‑CN molecules on graphene and metal surfaces by using STM, 
STS, LEED and ARPES measurements. Due to leaky confinement inherently 
present for molecular porous networks, the confined surface states can couple, 
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resulting in the formation of new band structure as observed in ARPES 
measurements. According to theoretical considerations, the electronic 
properties of graphene can be changed when an external periodic potential is 
applied onto it. In this sense, the molecular patterning method holds the 
promise of tuning the electronic properties of graphene due to the periodic 
potential induced by it. Therefore, it is beneficial to first study the molecular 
self-assembly formed on graphene. The different adsorption behavior of BTB 
molecules on Cu(111) and graphene/Cu(111) showed that graphene 
effectively decoupled the adsorbed molecules from the underlying metal 
substrate. By co-adsorption of NC-Ph6-CN molecules and Cu atoms, 2D 
metal-organic coordination networks stabilized by metal-ligand interactions 
were synthesized on graphene/Ir(111). Our results show that the molecular 
patterning method enables the construction of well- and long-range-ordered 
2D molecular arrangements on graphene whose potential for tailoring the 
electronic properties of metal surfaces and graphene can now be investigated 
in a next step. 
 As a perspective for future work, it would be beneficial to study molecular 
self-assembly on graphene with angle-resolved photoemission spectroscopy. 
In this way, the modification of the band structure of graphene due to the 
periodic potential induced by well-ordered porous networks can be directly 
observed. For commensurate molecular self-assemblies formed on graphene, 
an external potential can be imposed onto one of the two sublattices of 
graphene, which may lead to a band gap opening at the K point of the 






De beheerste manipulatie van materie op microscopische schaal met als doel 
om instelbare materiaaleigenschappen op macroscopische schaal te 
verkrijgen, vormt de kern van nanowetenschap en –technologie. Kunstmatige 
nanostructuren gebouwd met behulp van scanning tunneling microscopie 
(STM), zoals kwantum koralen, hebben aangetoond dat de oppervlakte-
eigenschappen van metalen gemodificeerd kunnen worden door insluiting 
van de oppervlakte-elektronen. Hoewel de STM manipulatie methode ultieme 
controle en precisie biedt bij het bouwen van kunstmatige nanostructuren, is 
het te tijdrovend om de eigenschappen van macroscopische oppervlakken 
ermee te modificeren. Het is echter mogelijk, om met niet-covalente 
intermoleculaire interacties goed geordende tweedimensionale poreuze 
moleculaire netwerken op oppervlakken te creëren. Het is aangetoond, dat er 
een nieuwe dispersieve elektronische bandstructuur van Cu(111)-oppervlak 
wordt verkregen na de vorming van een nanoporeus moleculair netwerk op 
het oppervlak. Dit geeft aan, dat moleculaire zelfassemblage een 
veelbelovende manier is om de elektronische eigenschappen van 
metaaloppervlakken en grafeen op macroscopische schaal af te stellen.           
In dit proefschrift wordt de synthese van goed geordende poreuze 
moleculaire netwerken op zowel grafeen als metaaloppervlakken beschreven. 
Ultrahoog vacuum (UHV) lage temperatuur STM en lage energie elektron 
diffractie (LEED) metingen zijn uitgevoerd om inzicht te verkrijgen in de 
structuur van moleculaire netwerken. Scanning tunneling spectroscopie (STS) 
en hoek-opgeloste röntgen foto-elektron spectroscopie (ARPES) metingen, 
zijn uitgevoerd om het effect van moleculaire netwerken op de elektronische 




In hoofdstuk 3 is een vergelijkende studie van moleculaire zelfassemblage 
van 1,3,5,-benzeentribenzoëzuur (BTB) moleculen op Cu(111) en 
grafeen/Cu(111) beschreven. Geconstateerd is dat op Cu(111) de BTB 
moleculen voornamelijk ordenen in een dichte pakkingsstructuur, 
gestabiliseerd door waterstofbruggen tussen de gedeeltelijk gedeprotoneerde 
carbonzuurgroepen. Hiernaast zijn er ook poreuze structuren gevormd door 
intacte BTB moleculen waargenomen, die gestabiliseerd zijn door 
waterstofbruggen tussen naburige moleculen. Op grafeen/Cu(111) vormen de 
BTB moleculen voornamelijk de poreuze structuren vergezeld van kleine 
vlakken bestaande uit ongeordende dichtgepakte structuren. Na het gloeien 
worden de BTB moleculen gedeprotoneerd op het Cu(111) oppervlak en 
rangschikken ze zich in de dichtgepakte structuur. Daarentegen wordt na het 
gloeien alleen het poreuze netwerk gevormd op grafeen/Cu(111). De 
verschillende structuren gevormd door BTB moleculen op deze twee 
substraten geven aan, dat het moleculaire zelfassemblage gedrag zeer afhangt 
van de eerste substraatlaag. Hoewel grafeen slechts uit één laag 
koolstofatomen bestaat, kan het de geadsorbeerde moleculen effectief 
ontkoppelen van het onderliggende metalen substraat.  
In hoofdstuk 4 is een gedetailleerde studie van het poreuze netwerk van BTB 
moleculen op Au(111) beschreven. STM metingen laten zien, dat de 
moleculen zich ordenen in een honinggraat rooster, vergelijkbaar met die 
geobserveerd op Cu(111) en grafeen/Cu(111). De diffractie punten 
waargenomen op het LEED-beeld wijzen op lange afstandsordering van het 
moleculaire netwerk. STS metingen tonen aan, dat de oppervlakte-elektronen 
van Au(111) zijn ingesloten in de holtes van het poreuze netwerk, dit 
resulteert in de formatie van een regelmatig kwantum punt rangschikking. 




resulteert in de formatie van een nieuwe bandstructuur, die waargenomen is 
met ARPES metingen. Onze studie laat zien, dat moleculaire patroonvorming 
kan dienen als een veelbelovende techniek om de elektronische 
eigenschappen van metaaloppervlakken op macroscopische schaal 
controleerbaar af te stellen. 
In hoofdstuk 5 is een gecombineerde STM en ARPES studie van metaal 
gecoördineerd hexagonaal poreus netwerk gevormd door Co-atomen en para-
hexafenyl-dikoolstofnitril moleculen (NC-Ph6-CN) op Au(111) beschreven. 
STS spectra laten zien, dat de oppervlakte-elektronen van Au(111) 
opgesloten zijn door het potentiaal geïnduceerd door het poreuze netwerk. 
Met ARPES metingen is een nieuwe bandstructuur waargenomen, wat laat 
zien dat de elektronische eigenschappen van metaaloppervlakken aangepast 
kunnen worden door het periodieke potentiaal geïnduceerd door het goed 
geordende poreuze netwerk.  
In hoofdstuk 6 is de synthese en karakterisatie van het metaal gecoördineerde 
moleculaire zelfassemblage van NC-Ph6-CN moleculen en co-gedeponeerde 
Cu-atomen op grafeen/Ir(111) beschreven. Door de stoichiometrie tussen de 
gedeponeerde moleculen en Cu-atomen af te stellen, kunnen er verschillende 
moleculaire zelfassemblages gevormd worden. Bij een 3:2 ratio wordt een 
tweedimensionaal hexagonaal poreus netwerk gebaseerd op drievoudig Cu-
coördinatie waargenomen, terwijl bij een 1:1 ratio ééndimensionale 
moleculaire kettingen gebaseerd op tweevoudige Cu-coördinatie worden 
gevormd. De vorming van de metaalcoördinatieverbinding wordt bewezen 
door de afzonderlijke Cu-atomen duidelijk af te beelden met STM. STS 
metingen laten zien dat de elektronische eigenschappen van NC-Ph6-CN 
moleculen en Cu-atomen verschillend zijn bij het tweedimensionale poreuze 




Ter conclusie, we hebben de moleculaire zelfassemblages bestudeerd die 
gevormd zijn door de BTB en NC-Ph6-CN moleculen op grafeen en metaal 
oppervlakken met STM, STS, LEED en ARPES technieken. Door lekkende 
opsluitingseffecten, inherent aan moleculaire poreuze netwerken, kunnen de 
opgesloten oppervlakte-elektronen koppelen, hetgeen resulteert in de 
formatie van een nieuwe bandstructuur, zoals geobserveerd met ARPES 
metingen. Volgens theoretische studies kunnen de elektronische 
eigenschappen van grafeen worden aangepast wanneer hierop een extern 
periodiek potentiaal wordt toegepast. Hiermee houdt de moleculaire 
patroonvormingsmethode de belofte gestand om de elektronische 
eigenschappen van grafeen af te stellen door het periodieke potentiaal dat 
daardoor wordt geïnduceerd. Daarom is het nuttig om eerst de moleculaire 
zelfassemblage die zich op grafeen vormt, te bestuderen. Het verschillende 
adsorptiegedrag van BTB moleculen op Cu(111) en grafeen/Cu(111) toont 
aan dat grafeen de geadsorbeerde moleculen effectief kan ontkoppelen van de 
onderliggende metaalsubstraten. Door co-adsorptie van NC-Ph6-CN-
moleculen en Cu-atomen worden 2D metaal-organische 
coördinatienetwerken gestabiliseerd door metaal-ligand-interacties 
gesynthetiseerd op grafeen / Ir (111). Onze resultaten tonen aan, dat de 
moleculaire patroonvormingsmethode de constructie van goed gedefinieerde 
lange afstandsordering van 2D-moleculaire metaal-organische netwerken 
mogelijk maakt op grafeen, waarvan het potentieel voor het aanpassen van de 
elektronische eigenschappen van metaaloppervlakken en grafeen nu in een 
volgende stap kan worden onderzocht. 
 Als perspectief voor toekomstig werk zou het nuttig zijn moleculaire 
zelfassemblage op grafeen te bestuderen met hoek-opgeloste foto-emissie 




grafeen als gevolg van het periodieke potentiaal dat wordt geïnduceerd door 
goed geordende poreuze netwerken, direct worden waargenomen. Voor 
moleculaire zelfassemblages samenvallend met grafeen, kan een extern 
potentiaal worden opgelegd op een van de twee subroosters van grafeen, wat 
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